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The research presented in this thesis is focused on fabricating patterned 
polymeric micro- and nano-architectures via a combination of reactive reversal 
nanoimprint lithography (NIL) and surface-initiated polymerization. These fine-
tuned architectures are utilized to guide the assembly of nanoparticles (NPs).  
In Chapter 2, we make use of a top-down technique, namely, reactive reversal 
NIL to produce high resolution polymeric patterns. The chemically functionalized 
pattern is created by one-step imprinting on different substrates (Si and Polymer) by 
controlling the NIL chemical formulation. Topographical templates and quantum 
dots/polymer composite films were fabricated and investigated. 
The combination of reactive reversal NIL process with a bottom-up surface 
initiating atom transfer radical polymerization (ATRP) grafting strategy is presented 
in Chapter 3. In our approach, the pattern created by NIL provides reactive initiating 
sites for ATRP, with polymer brushes grafted from the surface of the patterned 
network. We demonstrate the controllability in the growth of polymer brushes in 
sizes and densities, thus opens up possibility of fine-tuning the resolution of the 
pattern in nanometer scale with these brushes. We further showed that, by using a 
slightly modified reversal micro-contact printing coupled with the ATRP method, 
the polymer brushes can be controlled to grow only in the z-direction. These 
polymer brushes are characterized by a combination of methods including scanning 
electron microscopy (SEM), atomic force microscopy (AFM), and Fourier 





The topographical pattern produced by reactive reversal NIL and ATRP is 
applied to guide the assembly of NPs in Chapter 4. Various sizes and shapes of NPs 
were successfully assembled onto the functionalized templates. Physical template-
directed assembly and chemical in-situ fabrication and assembly of NPs were 
achieved. The confinement of the NPs was characterized using SEM. In these 
studies, we find that swollen polymer brushes can provide a steric repulsion for the 
particles when the particle size becomes comparable to the brush thickness. This 
thus opens up the possibility to use polymer brushes as soft templates to guide the 
assembly of NPs in Chapter 5. 
In Chapter 5, we propose a convenient method to prepare a flat substrate with 
periodically grafted polymer brushes. These brushes extend in the direction 
perpendicular to the substrate in swollen state, thus forming a periodic physical 
barrier just like a topographical pattern. The assembly of NPs guided by 
hydrophobic polystyrene brushes and hydrophilic poly(hydroxyethylmethacrylate) 
brushes were successfully achieved. The in-situ conformation of polystyrene brushes 
was investigated in different solvent by liquid AFM and fluorescence microscopy, 
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Chapter 1  Introduction 
Traditional disciplines such as physics, chemistry, biology and materials 
science investigate the properties of molecules or materials from different 
perspectives. Nanotechnology, as a highly interdisciplinary area, involves ideas 
integrated from these disciplines. The prefix of nanotechnology derives from 
‘nanos’ – the Greek word for dwarf.  A nanometer is a billionth of a meter, or to put 
it comparatively, about 1/80,000 of the diameter of a human hair. Materials at the 
nanoscale often exhibit very different physical, chemical, and biological properties 
as compared to their bulk size counterparts.1-3 There are thus endless possibilities for 
improved devices, structures, and materials if we can understand these differences, 
and learn how to control the assembly of small structures. 
The word “nanotechnology” was originally used in 1974 by Norio Taniguchi 
to refer to a production technology with high precision.4 As a new arena of science 
and engineering, nanotechnology builds nanostructures and utilizes nanodevices 
close to the atomic and molecular level.5-8 One area of nanotechnology that has been 
evolving for the last 40 years - and is the source of the great microelectronics 
revolution- is the techniques of micro- and nano-lithography. This is sometimes 
called the “top-down” nanotechnology. The most common of these top-down 
techniques are photo or ultraviolet lithography (UVL)9 and electron beam 
lithography (EBL).10  
The other fundamentally different area of nanotechnology results from 
starting with small components - individual molecules or nanosized crystals, which 
uses the forces of nature to assemble the desired structures and often called “bottom-




spatial resolution with cost-effective self-organization. Self-assembly of block 
copolymers11-14 and layer-by-layer (LBL) assembly15-18 are members of bottom-up 
approaches. An alternative, surface-initiated polymerization (SIP)19-22 will be 
explored in this thesis. 
1.1  Top-down Approaches 
The main top-down techniques that are used in micro/nano fabrication is 
lithography.  Lithography is a combination of the greek words, "litho"; meaning 
stone, and "graphy"; meaning to write, draw, or record. The origins of the use of 
lithography date back to 17th century in the applications of ink imprinting.23 
Nowadays, the techniques and applications of lithography have been diversified, but 
the concept keeps valid. Lithography method is widely employed by the electronics 
industry to create patterns on substrates for the realization of miniaturized devices 
for both electronic and optical applications.24 It is the most economical process that 
can mass-produce microchips and other complex semiconductor devices. In industry, 
the word "lithography" normally refers to photolithography (PL) because it is the 
most commercially applied form of lithography.25-29 In addition to the well-
established photolithography technique, other promising lithographic technologies 
include UVL,30, 31 EBL,10, 32 nanoimprint lithography (NIL)33, 34 and so on. Some of 
these emerging techniques have been used successfully in research and small-scale 
commercial applications. 
 
1.1.1   Photolithography  
PL is a cost-effective high-throughput technique that is suitable for large-area 




features. Over the past three decades, PL has been one of the main methods used for 
the patterning of polymers. In the semiconductor industry, patterned polymers have 
found applications in the production of LEDs35, polymer-dispersed liquid-crystal 
displays,36 photonic crystals,37 optical components,38 microarrays of cells and 
proteins,39, 40 sensors and actuators41 and devices for data storage.42   
PL makes use of a light-sensitive photoresist that is exposed with a light 
source through a mask applied on the substrate. The principal components of 
photoresist are polymers (base resin), sensitizers and casting solvents. There are 
positive and negative photoresists. For positive resists, the exposed region becomes 
more soluble and thus more readily removed in the developing process. The net 
result is that the patterns formed in the positive resist are the same as those on the 
mask. For negative resists, the exposed regions become less soluble, and the patterns 
engraved are the reverse of the mask patterns. After development, the irradiated 
photoresist is removed when using a positive tone resist, or the non-irradiated 
photoresist is removed when a negative tone resist is used (Figure 1.1).  
 
Figure 1.1. Schematic diagram showing photolithograpy using light-sensitive 
photoresist. 
 
The resolution (d) of patterns is related to the wavelength (λ) by d = k1λ/NA 




system and k1 a factor that depends on the process. The resolution is limited by the 
interference of the diffracted light at the mask edge. Nowadays, the limitation can be 
reduced by using nonconventional masks,43 new photoactive polymers,44 irradiation 
at short wavelengths45 and advanced lithographic optical techniques and setups.45  
Overall, two major challenges in PL are to continuously enhance low-cost high-
resolution patterning; and to pattern functional polymers without compromising 
their properties. In addition, patterning with high resolution is usually achieved at 
higher cost; thus, other techniques derived from PL (for example, soft-lithography) 
prove to be a useful alternative for the fabrication of chemical and topological 
structures.46-50  
 
1.1.2   Electron beam lithography 
EBL makes use of an electron beam instead of photons to expose an electron-
sensitive resist. The resist is usually a polymer, the molecules of which are broken or 
cross-linked upon electron irradiation. There is a long history of structure fabrication 
with electron microscopes and related instruments. Features with 50 nm were 
written into a collodion film in 1960.10  The first potentially useful structures, 50 nm 
metal wires, were produced in 196451 and the first functional devices with line 
widths beyond the capability of optics, surface acoustic wave devices with 0.15 µm 
fingers, were fabricated and tested in 1969.52 
EBL is also commercially important, primarily for its use in the manufacture 
of photomasks. It is usually used as a form of maskless lithography, i.e. no mask is 




substrate directly and controlled such that it only irradiates those areas which ought 
to be etched away (Figure 1.2). 
 
Figure 1.2. Schematic diagram showing a typical electron beam etching process. 
 
Conventional EBL is performed using a Scanning Electron Microscope 
(SEM), with a resolution limit of ~10 nm.53 The use of computers facilitates the 
automation of certain operations, both for the administration of SEM parameters and 
focus or for the interface of design and the control of lithography execution. The 
designs that can be patterned can be fast and easily modified in situ, an 
advantageous difference from masked lithography techniques. To conclude, EBL is 
one of the ways to beat the diffraction limit of light and is capable of much higher 
patterning resolution. On the other hand, the key limitation of EBL is the low 
throughput, i.e., it is much slower than PL and takes very long time to expose an 
entire silicon wafer or glass substrate. A long exposure time also causes beam drift 





1.1.3   Nanoimprint lithography 
In NIL technology, the nanostructures are defined by a stamp (mold) with 
nanoscale patterns pressed physically into a deformable material (resist) on the 
substrate. While the resolution of normal optical lithography is limited to about one 
micron due to the UV light wavelength range, NIL can define nanostructures smaller 
than 10 nm since it is not limited by diffraction. In comparison with EBL, NIL 
enables a wafer-scale process, which reduces process cost significantly and, in 
addition, avoids e-beam radiation on the wafers. As the technique chosen for this 
thesis work, more details of NIL will be presented in Chapter 2. 
 
1.2  Bottom-up Approaches  
1.2.1   Self-assembly of block copolymers  
Self-assembly is a simple and low-cost bottom-up technique for the 
production of large-area periodic nanostructures. The spontaneous organization of 
molecules or objects into stable, well-defined structures at the substrate is currently 
one of the most exciting research areas in materials science and nanotechnology.11-14 
Since only thermodynamically stable structures are generated, self-assembly tends to 
produce structures that are relatively defect-free and self-healing. To date, self-
assembly of block copolymers have been examined for use in optoelectronics, 
biotechnology, and the creation of lithographic templates.54-58 
Block-copolymers consist of macromolecules containing two or more 
polymer fragments of different nature. The polymer chains have the property to 
rearrange in order to form spheres, cylinders (orthogonal or parallel), or lamellae 




the volume fractions of the two polymer chains and this can be tuned chemically. 
The polymer blocks can be either periodic, alternating or random. Self-assembly of 
block-copolymers can produce feature sizes between 1 to 100 nm, making them 
particularly interesting for high resolution patterning.59, 60 Successful 
implementation of block copolymer patterning depends on the ability to control the 
morphology, orientation, and packing of the domains. Block copolymer domain 
patterns show a high degree of order and symmetry in short-range scale, however, 
achieving large-area defect-free patterns and specific orientation of anisotropic 
structures is a challenge. Nowadays, the limitation can be reduced by various 
approaches such as the application of external electrical fields,61, 62 temperature 
gradients,63 a shear field,64 or by using chemically or topographically patterned 
substrates.56, 65-73 
 
Figure 1.3. Schematic diagram showing various forms of self-assembly of block 
copolymers.74 
 
1.2.2   Layer-by-layer assembly 
LBL procedures are very simple and consist of building up multilayered films 
by alternatingly depositing components held together owing to attractive forces such 




on a negatively charged surface of a solid support in such a manner that over-
adsorption occurs causing surface charge reversal. Repeated immersion of the solid 
substrate into appropriate solutions results in film formation of the desired thickness 
and layering sequences. The procedure can be performed quickly and expensive 
instrumentation is not required. 
 
Figure 1.4. Schematic diagram of layer-by-layer (LBL) assembly. 
 
The advantage of this technique is that the thickness of the LBL assemblies is 
accurately controlled by the total number of deposited layers. Moreover, LBL 
assembly allows creating composite films by applying layers with different 
properties, and molecular assemblies can be applied in this technique. The properties 
of the LBL assembly can be modified by changing pH, ionic strength, and 
immersion time, for instance. Additionally, this concept can be extended to the 
preparation of three-dimensional nano-objects, using a colloidal core as a supporting 
material.75-77 In spite of these merits, this technique has several limitations. It is 
generally restricted to aqueous media, in which electrolytes ionize readily due to the 
large dielectric constant of water. Only specialized materials with sufficient charged 





1.2.3   Surface-Initiated Polymerization 
SIP offers the ability to control molecular structures in a scale intermediate 
between organic molecules and bulk matter.  By SIP, polymers with reactive end 
groups can be grafted onto surfaces, resulting in “polymer brushes”.78, 79 The 
advantage of polymer brushes over other surface modification methods (e.g. self-
assembled monolayers) is their mechanical and chemical robustness, a high degree 
of synthetic flexibility and a variety of functional groups. As the technique chosen 
for this thesis work, detailed discussion on SIP will be given in Chapter 3. 
 
1.3  Objective of This Work and Scope of Thesis 
From the above brief introduction, we can see that top-down and bottom-up 
approaches have their own unique advantages and drawbacks. Top-down approaches 
are reproducible and scalable, and can be readily applicable in the industry. They 
become more difficult and expensive, however, as device features drop below 100 
nm. In contrast, bottom-up approaches show promise in the ability to make sub-100 
nm features, but the inherent difficulty of directing the exact positioning over large 
areas prohibits the application in useful devices of known architecture. A marriage 
of both approaches should allow each to complement the other at nanoscale: to make 
the top-down approach easily achieve sub-100 nm feature; to make bottom-up 
approach more controllable. 
Although some progress has been made in the combination of top-down and 
bottom-up approaches,23, 80-84 the preparation of precisely patterned micro- and 




aspect ratios, feature dimensions, and inter-feature spacing is still in the 
developmental stage. New directions for synthetic methods remain to be explored. 
The mechanisms by which morphology of the surface structures change in response 
to changes in solvent remains key issues in nanotechnology. 
In this thesis, we aim to develop new synthesis method to fine-tune 
micro/nano architectures by the combination of top-down NIL and bottom-up SIP 
techniques. In particular, we have chosen to use reactive reversal NIL that allows us 
to control the surface-active formulation, and the site-selective atom transfer radical 
polymerization (ATRP) to prepare precisely controlled polymer lengths. In our 
development, we also make use of these fine-tuned architectures to guide the self-
assembly of nanoparticles (NPs).  
In Chapter 2, we discuss the use of NIL technique to fabricate polymeric 
patterns with high resolution. We will present the experimental details of the 
reactive reversal NIL system used and the resulted architectures produced. Two 
types of imprints have been investigated: (i) topographical templates with chemical 
functionalization, and (ii) homogeneous quantum dots/polymer composite films.  
In Chapter 3, we focus on the fabrication of topographical templates by 
combining the reactive reversal NIL process in Chapter 2 with a bottom-up surface 
initiating ATRP grafting strategy. First, we will impart chloromethyl initiators at the 
polymeric patterns by reactive reversal NIL. ATRP will be subsequently used to 
tune the size and chemistry of the imprinted patterns in micro/nanometer scale. 
Furthermore, we will control the growth of the polymer layer in more complicated 




Chapter 4 deals with the self-assembly of NPs in the topographical templates 
prepared. In the first part of this chapter, the assembly is controlled through the hard 
template with tunable inter-spacing or the soft template with polymer brushes that 
provide a steric repulsion for the particles. In the second part, the assembly is 
achieved via the amino-functionalized template. Metal sulfide NPs are fabricated in-
situ on the surface of the template after the precursor decomposed by amino groups. 
We demonstrated that this technique is simple, can be performed at room 
temperature and ambient conditions. 
The assembly of NPs in flat substrates is presented in Chapter 5. We propose 
a simple method to guide the assembly by grafted solvent-responsive polymer 
brushes. Both the hydrophobic polystyrene brushes and the hydrophilic 
poly(hydroxyethyl-methacrylate) brushes will be chosen to guide the assembly in 
suitable solvent. The stimuli-responsive behavior of these polymer brushes was 
studied by liquid atomic force microscopy (AFM) and fluorescence microscopy. 
Lastly, in Chapter 6, an overall conclusion is given and an outlook for future 
work that can be extended from this study is proposed. 
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Chapter 2  Nanoimprint Lithography 
The main top-down techniques that are used in micro/nano fabrication have 
been presented in Section 1.1. In this chapter, we introduce the emerging 
nanoimprint lithography (NIL) technique. We will give some details on the NIL 
experimental set up and operation, as well as present some polymeric patterns that 
were fabricated in the laboratory. 
 
2.1  Introduction to Nanoimprint Lithography (NIL) 
NIL is a simple process that allows fabrication of micron/nano features onto 
substrates with low cost, high throughput and high resolution.1, 2 This technology is 
suitable for both academic research works and industry applications. The first 
imprint article was published in 1995 by S. Y. Chou, et. al. 1 and the report outlined 
the essential components of thermal nanoimprint such as stamp manufacturing and 
its process parameters. The inspiration came from different varieties of 
micromolding of thermoplastics such as hot embossing or injection molding, which 
has been used for over 30 years in the industry.3 In 2003, NIL was accepted by 
International Technology Roadmap for Semiconductors (ITRS) as a next generation 
lithography candidate and found its way to the roadmap for the 32 nm node and 
beyond, scheduled for industrial manufacturing in 20134 (Table 2.1). NIL has now 




lithographic methods for the fabrication of processors and solid-state memory chips, 
which over the years have been developed and pushed to higher resolution with a 
vast investment of resources. 
 
Table 2.1. ITRS roadmap showing the resolution of different lithographic patterning 
techniques, their practical and actual resolution limits.5 
Lithography type Practical resolution limit Ultimate resolution limit 
UV / contact / proximity 2500 nm 125 nm 
UV projection 65 nm 32 nm 
EUV projection (soft X-rays) 45 nm 28 nm  
X-rays / proximity /1:1 mask 
(with parallel X-rays) 45 nm 10 nm 
Ion beam 30-50 nm Resist: 10-20 nm 
Electron beam (low-energy beam arrays) 20-30 nm Resist: 7-20 nm 
Electron beam projection (SCALPEL) 90 nm 35 nm 
Imprinting (embossing) 20-40 nm 5-10 nm 
Printing (contact) 30-50 nm 10 nm 
Scanning probe microscopy methods 15 nm 0.5 nm (atomic resolution) 
 
The principle of NIL is very simple. Figure 2.1 shows a schematic of the 
originally proposed NIL process.1, 6 A rigid mold with a micro/nanoscale pattern is 
pressed into a soft polymeric material cast on a hard substrate. The soft material is 




material. The soft material is normally heated to a temperature above its glass 
transition temperature (Tg). At that temperature, the polymer becomes viscous and 
can be readily deformed into the shape of the mold. A thin residual layer of 
polymeric material is intentionally left underneath the mold protrusions, and acts as 
a soft cushioning layer that prevents direct impact of the hard mold onto the 
substrate and effectively protects the delicate micro/nanoscale features on the mold 
surface. For most applications, this residual layer needs to be removed by reactive 
ion etching (RIE) process to complete the pattern definition.  
 
 
Figure 2.1. Schematic of nanoimprint lithography process.2 
 
For historical reasons, the term NIL usually refers to a hot embossing process 
as shown in Figure 2.1. One variation of the NIL technique that uses a transparent 
mold and UV-curable precursor liquid (step-and-flash imprint lithography (SFIL), 




room temperature, thus making it very attractive for IC semiconductor device 
manufacturers.9 
 
Figure 2.2. Schematic of the SFIL process.8 
 
Another variation of NIL, the reactive reversal NIL, was developed in 2002 
(Figure 2.3).10 In contrast to conventional NIL, in which the polymer for imprinting 
is spin-coated onto the substrate, reversal imprint is carried out by coating the 




over conventional NIL by allowing imprinting onto substrates that cannot be easily 
spin coated with a film, such as flexible polymer substrates. In addition, instead of 
spin coating polymer, a mixture of monomers and crosslinker can be drop-cast onto 
the mold and crosslinking occurs during the imprinting process. 
  
 
Figure 2.3. Schematic illustrations of the pattern transfer processes in (a) 
conventional nanoimprinting, (b) reversal nanoimprinting.10 
 
In comparison to conventional PL technique, the pattern resolution in NIL is 
not subject to optical diffraction limit. Therefore, NIL technique is particularly 
attractive in sectors which electron beam and high-end PL are costly and do not 
provide reasonable throughput. Once the mold is fabricated (normally through EBL), 
NIL can be used for routine fabrication as the pattern is directly transferred from the 
imprint template via mechanical contact. Feature size as small as 10 nm has been 
demonstrated by NIL on polymers.6  




NIL offers the advantages of flexibility in terms of the choice of materials that 
can be patterned and a flexible processing window to enable the patterning of 
various nanostructures. Its applications range widely from integrated circuit,9 nano 
fluidic channel11 to tissue engineering.12 However, in most of these applications, 
NIL serves only as a lithographic tool without imparting functionality on the 
imprinted structures. Recent advancements in patterning technologies have 
considerably enhanced the ability to control both surface chemistry and topography 
of various materials at the micro/nano scale, thus allowing material functionalities to 
be tailored.  
In this work, we propose to prepare highly crosslinked and chemically tunable 
polymeric patterns using reactive reversal NIL. We demonstrate that, by changing 
the formulation of the imprinting mixture, chloromethyl functionalized crosslinked 
polystyrene (PS) can be imprinted on both hard (silicon) and soft (polymer) 
substrates. The low viscosity of the pre-polymer allows the concentration of 
functional monomers to be evenly distributed over the imprinted array. This method 
of fabricating polymeric support patterns offers a high degree of freedom in terms of 
the choice of chemical functionality, the types of polymer matrix and the size of the 
polymer patterns. The imprints are found to be relatively stable under both static and 




2.2   NIL Experimental 
The overall imprinting process adopted in this work is depicted in Figure 2.4. 
Briefly, the polymeric mixture was drop-cast onto the mold, and a substrate was 
placed on top of the mold. The sandwich structure was then placed in the imprinting 
system for NIL process. After imprinting, the thin residual layer was removed by 
exposing the imprinted polymer to reactive ion etching (RIE). Details of 
experimental will be given in the following sub-sections. 
 





2.2.1  Nanoimprinting system 
The reactive reversal NIL process were performed using the NIL-4” System 
from Obducat Company. The system consists of a heater unit, cooling unit, loader 
plate, elevator and pressure chamber, and a safety hood (Figure 2.5). The safety 
hood is used to protect the machine from dust, and the personnel from serious injury 
while operating the heater and elevator. The loader plate is used to insert the 
substrate and stamp into the machine before performing an imprint. The heater is 
used to heat the loader plate and the substrate/stamps that are placed on it. The 
heater is placed on an elevator, also referred to as the “piston”, which can move up 
and lock the heater and loader onto the top pressure chamber. The cooling system 
can be either air cooling or air and water cooling.  
The NIL-4” System is capable to handle samples up to 4 inches in size. The 
process temperature can reach up to 240ºC and the pressure can reach up to 60 bars. 
The imprinting process is automatic via software control. Air cushion imprinting 
process offers uniform pressure. When the imprinting process is complete, the 






Figure 2.5. Photographs of the NIL-4” System. (a) Close-up view of the alignment 
system; (b) Front view of the safety hood; (c) the cooling unit. 
 
2.2.2  Preparation of the mold and the substrate 
In the imprinting process, silicon molds with patterned structure are supplied 
by the Institute of Microelectronic, Singapore. The overall size of the Si molds was 
2×1 cm, while the feature (line or pillar patterns) sizes ranged from 2 μm to 250 nm.  
a ) 




The substrates used in this study are Si wafer and poly(ethylene 2,6-
naphthalate) (PEN). Prime Si wafers (ULTRAPAK) with thickness of 0.5 mm and 
PEN sheets (Goodfellow) with thickness of 0.125 mm were purchased commercially. 
For each imprinting experiment, the substrate was cut to the approximate size of the 
master to be used for the imprint. The molds and substrates were rinsed with acetone 
to remove any dust particles, and dried using a stream of nitrogen gas. 
The chemical structure of PEN is shown in Figure 2.6. This is a semi-
crystalline thermoplastic polyester material available commercially since 1948,13 
with a working temperature up to 155 ºC.14 It has good mechanical properties and is 
chemically resistant to most dilute acids and organic solvents.  Moreover, PEN has 
good optical clarity and ultra-violet (UV) radiation absorbance,15 thus making it 
useful as a substrate for biomedical applications, such as cell biology, which 
requires transparent structural materials. 
 
Figure 2.6. Chemical structure of PEN. 
 
An anti-sticking layer is usually used in order to facilitate mold release after 
imprinting. In the literature, several silanes have been used as the anti-sticking layer 




or 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS). (Figure 2.7) FDTS 
treatment gives a mold surface energy of 11.8 mJ/m2.16 ODS and PEDS treatment, 
on the other hand, gives mold with surface energy of 25.2 mJ/m2 and 37.6 mJ/m2 
respectively.16 It is known that the lower the surface energy is, the easier the mold 
can be released. A low surface energy release layer on these surfaces not only 
helped to improve imprint qualities, it also increased the stamp lifetime significantly 
by preventing surface contamination. In our preparation, the Si molds were treated 
with 10 mM FDTS (96%, Lancaster) solutions in anhydrous heptane for 10 min at 
23ºC. It is believed that FDTS works through the formation of fluorinated self-
assembled monolayer on the mold. 
 
   
Figure 2.7. Chemical structure of: (a) ODS; (b) FDTS; and (c) PEDS. 
 
On the contrary, strong adhesion is needed between imprinted patterns and the 
substrates. To enhance the adhesion, surface modification is carried out for both the 
Si and PEN substrates. For the Si substrate, a coupling agent, [3-
(methacryloyloxy)propyl] trimethoxysilane (γ-MPS, 98%, Aldrich) was hydrolyzed 
a ) 




in methanol/water (80:20 by volume) under a pH value of 4. Prior to imprinting, the 
Si substrate is immersed in the γ-MPS solution for ~10 minutes.  
For the PEN sheet, an oxygen plasma exposure (250 mT, 80 W, 5 s) is 
performed prior to the imprinting process to increase its surface energy for enhanced 
adhesion between the imprinted polystyrene and the PEN substrate. 
 
2.2.3  The reactive ion etching (RIE) process 
Reactive ion etching (RIE) is a kind of dry etching technology used in 
micro/nano fabrication.17-20 During RIE, the substrate is placed inside a reactor in 
which several gases can be introduced. A plasma is generated under low pressure 
(~250 mTorr) by an electromagnetic field. The plasma is struck in the gas mixture 
using an RF power source, breaking the gas molecules into high-energy ions. The 
ions are accelerated towards the surface of the material being etched. They react at 
the surface of the material and forming another gaseous material chemically. If the 
ions have high enough energy, they can also knock atoms out of the material to be 
etched physically. It is a very complex process to develop dry etching processes that 
balance chemical and physical etching, since there are many parameters to adjust. 





Figure 2.8. Schematic of the reactive ion etching system. 21 
 
A typical (parallel plate) RIE system consists of a cylindrical vacuum 
chamber, with a wafer holder situated at the bottom of the chamber. The wafer 
holder is electrically isolated from the rest of the chamber, which is usually 
grounded. Gas enters through small inlets at the bottom of the chamber, and exits to 
the vacuum pump system through the bottom. The types and amount of gas used 
vary depending on the etch process. In our work, oxygen RIE plasma was used to 
remove organic materials, such as the residual layer, on the imprinted patterns. The 
etching process was performed in Trion Plasma Etching System, which is a 
chemical reaction dominated etching system. Low power and gas flow rate are good 
for controlled etching rate. Process pressure is idea in the range of 250-300 mTorr. 
The power of 40 Watts is suitable for polymer etching and etching time is usually 




2.2.4  The NIL patterning materials 
For the preparation of patterns without chloromethyl functionality, a mixture 
of styrene (ST) as monomer, divinylbenzene (DVB) as crosslinker, and benzyl 
peroxide (BPO) as thermal initiator in the molar ratio of 60:12:2 was used. ST from 
Fluka was distilled under reduced pressure. DVB (80%, mixture of isomers, Aldrich) 
and BPO (Aldrich) were used without further purification. 
First, the mixture was stirred at 25°C over 6 hours to form the pre-polymer. 
Filtration through a 0.2 µm filter was performed to remove pre-polymers or 
aggregates of very large sizes before imprinting. We have found that this mixture 
could be refrigerated in the dark for months, with filtration performed just prior to 
use. For the preparation of patterns with chloromethyl functionality, the NIL 
formulation was modified to include vinylbenzyl chloride (VBCl, 97%, Aldrich) in 
the feed molar ratio of 60:12:2:26. The mixture was treated in the same way as 
above.  
DVB is a multi-functional monomer that serves to chemically link two or 
more linear polymer chains together. When DVB is polymerized in combination 
with ST and VBCl, non-linear poly(ST-co-DVB-co-VBCl) architecture is fabricated 
as a macroscopic network. This polymer network is insoluble and imparts 
mechanical stability to an imprinted site. In this work, the imprinting temperature 




polymerize. A highly crosslinked polystryrene (PS) network was obtained as 
schematically shown in Figure 2.9. By adding a crosslinker, the fine-tuned pattern 
imparts high mechanical and chemical stabilities, providing a very robust surface 
structure from which further surface modification discussed in Chapter 3 can be 
advantageously applied. 
 
Figure 2.9. Co-polymerization of styrene, vinylbenzyl chloride and divinyl benzene. 
 
In the reactive reversal NIL set up, the formulation of the imprinting mixture 
can be readily optimized. By starting with a low viscosity pre-polymer mixture 
instead of a melted polymer, a complete filling into the patterns of the mold is 
achievable during the dispersion of the droplets, thus avoiding the incomplete filling 




well-defined patterns over a large area, with no obvious defect observed for all the 
samples. 
Due to the low viscosity of the pre-polymer (compare to polymer melt), the 
excess mixture is easily squeezed out during the imprinting process resulting in a 
very thin residual layer. We believe this thin residual layer is important for the 
fabrication, because a brief exposure to oxygen plasma RIE can afford to remove the 
residual layer effectively. A long RIE exposure time might not only roughen the 
surface of the imprinted polymer, but also etch or degrade the chemical functional 
groups. It became obvious that minimum etching or degradation of the functional 
group is desirable for the ATRP process discussed in Chapter 3.  
As mentioned in Section 2.2.2, the Si substrate is treated with γ-MPS prior to 
imprinting. The reactive methacrylate moiety in γ-MPS reacts with the styrene 
monomer during the reactive reversal imprinting, forming chemical bonds between 







Figure 2.10. Schematic diagram to illustrate the chemical bonds between the PS and 
the substrate. 
 
2.3  Results and Discussions  
 In this section, the prepared NIL templates were characterized and discussed. 
Details of all the characterization techniques used in this work are given in 
Appendix I. 
2.3.1  Surface wettability of the imprinted patterns 
Wettability is an important characteristic of solid surfaces, and is usually 
measured by the contact angle (CA) between droplets of water and the surface. 
Typically, the surface is considered hydrophilic if CA is less than 90°. A 
hydrophobic surface has CA greater than 90°. The chemical composition and 
microscopic geometric structure of the surface also determines its wettability: the 




solid surface becomes hydrophobic when treated to give micro- or nano-roughness 
structures. Several surface treatment techniques have been reported in the literature, 
including optical micro-lithography, dry and wet etching, surface coating and 
precision diamond dicing processes.23-26 
Droplet experiments were carried out to determine the wettability behavior of 
the NIL prepared patterns. A droplet of 3 μL was gently placed onto the surface of 
the pattern using an automatic micropipette. The droplet shapes were captured to 
measure the apparent CA using a Ramé-Hart (USA) digital contact angle 
goniometer. We also cross-checked the CA values obtained from the software with 
the CA values measured manually on the printed photograph of the water droplet as 
shown in Figure 2.11. The measured CA of bare PS film was 89° (Figure 2.11a), 
which was in good agreement with the values reported in the literature.27-29 The 
surface became significantly more hydrophobic and exhibited a water CA of 138° 
after the imprinting of 250 nm line patterns (Figure 2.11b). This result confirms a 
tunable surface wettability by NIL method, which may find potential applications in 





Figure 2.11. Cartoon and photographs showing the cross-sectional view of water 
droplet on prepared surfaces: (a) Flat PS film; (b) 250 nm imprinted PS patterns. 
 
2.3.2  Imprinted 1D / 2D structures 
After imprinting, we obtained well-defined patterns over a large area, with no 
obvious defect observed for all the samples. SEM images in Figure 2.12 and AFM 
images in Figure 2.13 demonstrate the possibility to achieve large area of uniform 
patterns on PEN and Si substrate with different feature sizes, shapes and densities by 
replicating the desired mold. 





Figure 2.12. SEM images of imprinted PS patterns. (a) 250 nm diameter PS pillars 
on PEN substrate (aspect ratio 1:1); (b) 2 μm diameter PS pillars on Si (aspect ratio 
1:2); (c) 250 nm width PS line patterns on PEN substrate (aspect ratio 1:1); (d) 2 μm 
width PS line patterns on PEN substrate (aspect ratio 1:1). 
 
In Figure 2.13, we used the AFM technique to determine the topography 
dimensions of the patterns prepared. From the cross-sectional analysis, it is clear that 
rather uniform patterns can be obtained through this NIL technique. 
a ) b )






Figure 2.13. AFM images of imprinted PS patterns. (a) 250 nm width, 250 nm 
height PS line patterns; (b) 1 μm width, 110 nm height PS line patterns; (c) 2 μm 
width, 70 nm height PS line patterns. 
 
2.3.3  Imprinted 3D structures 
Three dimensional (3D) nanopatterning techniques are important enabling 
technologies for a number of applications, e.g. in microelectronics, fabrication in the 
third dimension allows devices and circuits with higher speed and packing density. 
In this work, we developed a method to rapidly produce 3D structures through 







cleaned with acetone, isopropanol, and O2 plasma (80 W, 250 mTorr) for 2 min 
prior to the treatment with different silane. This is to enhance the detachment such 
that the first mold can be separated cleanly from the 3D structures that were still 
attached to the second mold, and subsequently the second mold must allow the 3D 
structures to transfer cleanly to a substrate. 
These multiple steps are schematically presented in Figure 2.14. Thus, mold 
A was first treated with FDTS before a pre-polymer solution was spin-coated such 
that the trenches were filled up to form a planarized thin film (Figure 2.14a). A 
second mold B was treated with PEDS to obtain a higher surface energy. Mold B 
was then aligned and pressed at a suitable pressure (4 MPa) onto the pre-coated 
mold A at the polymerization temperature (110°C). After 4 to 10 min, mold B was 
then separated at 70°C, thus forming a 3D structure with the polymer pattern of 
mold A transferred to mold B (Figure 2.14b). Since mold B had a surface energy 
higher than that of mold A, the polymer pattern preferentially adhered to mold B 
during this step. Finally, the 3D structure in mold B was pressed at a suitable 
pressure (1 to 2 MPa) onto an O2 plasma pre-treated Si substrate for 10 min. This 
resulted in the transfer of the polymeric 3D pattern onto the Si substrate. In Figure 
2.15, the SEM images showed the pattern transferring from mold A to mold B as 







Figure 2.14. Schematic diagram to illustrate the multiple imprinting steps to 
produce 3D structures. (a) Silane treatment of mold A and mold B; (b) Transfer of 
the pattern from mold A to mold B; (c) Transfer of the polymer pattern to the Si 
substrate. 
a ) 
Mold A Mold B










Figure 2.15. SEM images of: (a) pattern transferred from mold A to mold B; (b) the 
final 3D patterns; (c) a zoom-out image of the final 3D patterns. 
 
2.3.4  Imprinted quantum dots (QDs) thin films 
In this section, we illustrate that NIL could also be utilized for the preparation 
of uniform and homogeneous quantum dots (QDs)/polymer composite films. Such 
composite films are potentially useful for nonlinear photonics, photovoltaic, and 
photoconductivity devices.  
The procedure developed for the preparation of these QD/PS films is 
schematically presented in Figure 2.16. Firstly, polished glass plates A and B were 





soaked in concentrated sulfuric acid for 5 minutes and rinsed extensively with 
deionized water. In order to enhance the adhesion between crosslinked polymers and 
glass plate A, the plate was immersed in a solution of γ-MPS in methanol/water at 
pH 4 for 10 minutes. After treatment, glass plate A was rinsed in water, isopropanol 
and acetone sequentially before use. A thermally cross-linkable recipe containing 
mixture as mentioned in Section 2.2.4 was filtered, and then the pre-prepared QDs 
were dispersed into the mixture by sonication to form a precursor. A small amount 
of this precursor was added to the surface of the glass plate A, after which the glass 
plate B was brought into contact. The precursor was allowed to spread between the 
two plates and then the imprinting was carried out at 110oC for a period of 10 
minutes at 4 MPa. Glass plate B could then be carefully separated from A, yielding 
an uniform QD/polymer composite film on glass plate A. Post-cure treatment under 
vacuum was then carried out at 110oC for a period of one hour.   
 
Figure 2.16. Schematic of the imprinting cum polymerization process to prepare 
QD/PS films. 
 























Using this method, we can routinely prepare QD/polymer composite films as 
thin as 6 μm with the QDs homogeneously distributed in the polymer matrix. A 
variety of QDs such as CdS, PbS and core-shell PbS/CdS have been successfully 
incorporated into PS films and their optical properties were investigated.30, 31 We 
have found that successful preparation is critically dependent on the homogenous 
dispersion of the QDs. Thus, in this case, hydrophobic ligand shell due to oleic acid 
or thiol capping groups has allowed the formation of a homogenous precursor. In 
Figure 2.17, we present an investigation of the PL properties of a CdS/PS composite 
film using excitation wavelength at 375 nm. The single PL peak observed at 478 nm 
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Similarly, uniform and transparent PbS/PS composite films of a few μm 
thicknesses were prepared on glass substrates as shown in Figure 2.18. The strong 
NIR signals confirm that the fast polymerization method has successfully retained 












Figure 2.18.  (a) SEM image of a typical PbS QDs in polystyrene composite film.  






2.4  Summary 
In this chapter, we have demonstrated that reactive reversal NIL offers a 
unique approach to fabricate polymeric patterns. The imprinting process has the 
potential of becoming a low-cost, rapid, and high throughput manufacturing process 
for 1D, 2D and 3D micro- and nanostructures. By replicating the desired mold, it is 
possible to achieve a range of feature size, feature shape and feature density. The 
number of functional sites on the patterns can be tuned by changing the 
concentration of functional monomers and sizes of the pillars. Through a proper 
choice of the co-monomers, polymeric patterns having varying functionalities could 
be made readily. 
We have also shown in this work that both Si and PEN can be used as the 
substrate for the imprint. Flexible PEN can be conveniently rolled up and its optical 
properties make it particularly useful for biomedical applications, such as cell 
biology, which requires transparent structural materials.  
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Chapter 3  Fabrication of Micro/nano Polymeric 
Patterns Through Reactive Reversal Nanoimprint 
Lithography and Surface-Initiated Polymerization 
 
As mentioned in Chapter 1, surface-initiated polymerization (SIP)1-4 is one 
novel bottom-up approach that offers precise control over the chemical functionality 
and growth of polymeric patterns. Surface-initiated atom transfer radical 
polymerization (SI-ATRP) further affords the possibility to tailor the surface 
properties and impart desirable chemical, surface-energetic, and other functionalities 
via the selection of different monomers.  
In this chapter, a combination of top-down NIL and bottom-up SI-ATRP 
approach will be developed for fabricating patterned arrays at the micrometer and 
nanometer length scales. The reactive reversal NIL process introduced in Chapter 2 
was employed to offer the crosslinked and chemically functionalized polymer 
support patterns. Polymer brushes of defined chemistry and structure were then 
grown from the surface-immobilized chloromethyl initiators via ATRP, thus 
changing the size and the surface chemistry of the features. Compared with the other 
methods reported, we demonstrate in Section 3.3 that this approach offers an 
extremely smooth pattern after the polymer grafting, with very uniform distribution 
of functionalities.   
In a further attempt to fine-tune the aspect ratio of these micro/nano 
architectures, a modified reversal µCP process was also developed and used in 




in the z-direction. This second approach will be introduced and presented in Section 
3.4.  
 
3.1   Introduction to Surface-initiated Atom Transfer Radical 
Polymerization (SI-ATRP) 
Recent advances in SIP techniques offer unprecedented opportunities for 
producing materials with precise surface architectures. The molecular level control 
of these synthetic processes can afford micro- and nanoscale features relevant to a 
number of rapidly growing technologies.5-7 SIP is carried out through the 
immobilization of a polymerization initiator onto a surface site, followed by 
polymerization of the desired monomer from the site (Figure 3.1). The development 
of SIP systems leads to the synthesis of defined-polymer or block-copolymer 
brushes1, 8 tethered covalently to the substrates via different polymerization 
processes, such as conventional free radical, anionic, cationic, nitroxide mediated,  
ring-opening metathesis, and ATRP.9, 10  
 





The conventional free radical polymerization might be the primary choice to 
obtain polymer brushes.11 Very thick polymer films can be obtained, and the 
grafting density can be controlled via judicious choice of initiator and 
polymerization conditions. Anionic polymerization may yield good control over 
thickness and formation of copolymer brushes, but suffers from the rigorous reaction 
conditions. Cationic polymerization also requires a complex experimental procedure 
to form surface-bound initiators and only a few monomers can be polymerized. 
Nitroxide mediated polymerization is usually carried out at high temperatures, and 
incompatible with methacrylic derivatives. Ring opening metathesis polymerization 
has thus far been restricted to only norborene-type of monomers. Among these 
techniques, ATRP appears to be the most widely adopted, not only because it offers 
good control in the polymerization chain length, but also because of the ease of 
initiator formation and relatively mild polymerization conditions.12  
ATRP is a fairly new polymerization technique based on the controlled (or 
“living”) radical process. Since its conception in 1995, ATRP has become a routine 
polymerization technique because of its robustness, and its ability to form polymers 
with fairly narrow molecular weight distributions (Mw/Mn < 1.5) of various 
architectures and compositions.6, 13, 14 A successful ATRP is accomplished by a fast 
initiation and a rapid reversible deactivation. The deactivation process helps to keep 
the concentration of the active species R· low during the course of reaction. A 
general mechanism for ATRP is shown in Figure 3.2. The key reaction is the 






Figure 3.2. Schematic showing metal catalyzed ATRP process.16 
 
The initiator molecules used in ATRP often include an activated halogen 
atom (X, commonly Cl or Br) in their structure. Typically, the alkyl halogen bond 
(R-X) is homolytically cleaved by the transition metal complex in its lower 
oxidation state (Mn/ L). This forms a radical (R·) and the transition metal complex in 
a higher oxidation state (X-Mn+1/ L) at a rate determined by the activation constant 
(ka). The radical may then proceed to add to monomer units to form a growing 
polymer, subjected to the normal propagation (kp) and termination (kt) processes. 
The activated radicals undergo a deactivation step (kd) by reacting with the higher 
oxidation state metal complex.  
The underlying principle of ATRP is that the deactivation step is highly 
favoured over the activation step, i.e. kd >> ka. This thus causes the equilibrium to 
shift to the left-hand side. The deactivation of the growing polymer chains is also 
faster than its propagation to ensure that most of the growing chains exist in the 
dormant state (kd >> kp). This relatively more rapid activation-deactivation 
equilibrium compared to rate of polymerization thus leads to a low concentration of 
the active radicals. In this way, the production of radical species is controlled and 




conditions for a successful ATRP, usually achieved by choosing a proper pair of 
initiator and catalyst. In this thesis work, we used Cu and 2,2’-bipyridine (bpy) to 
form the X - Cu(II)(bpy) complexes.  
 
 
Figure 3.3. The reaction conditions required for a successful ATRP. 
 
A large library of polymers has been synthesized via ATRP including 
acrylamides, acyrlonitrile, styrenes, methacrylates, acrylates, and vinylpyridine.6, 13, 
14, 17 Recently, Armes et al. and others have also shown that ATRP can be performed 
at room temperature using a water/solvent system.18-21 This new form of ATRP is 
ideal for fast polymerization, as the increased polarity of H2O/MeOH system can 
solubilize the catalyst system more efficiently. In the following paragraph, we shall 
introduce the application of ATRP as SIP technique to modify the architectures and 
properties of surfaces. 
SI-ATRP was first reported in 1997 by Huang and Wirth, who successfully 
grafted poly(acrylamide) brushes from benzyl chloride-derivatized silica particles.22 
Shortly thereafter, Ejaz et al. described the preparation of poly(methyl methacrylate) 




assembled monolayers (SAMs) obtained using the Langmuir-Blodgett technique.4 
These authors found that the addition of a sacrificial initiator, (p-toluenesulfonyl 
chloride), was necessary to achieve a controlled polymerization from substrate 
surface. In the absence of this sacrificial initiator, the concentration of the 
deactivating Cu(II) species were too low to allow a controlled polymerization. 
Instead of adding a sacrificial initiator, another strategy to overcome the insufficient 
deactivator concentration in such surface-confined ATRP is to add the deactivating 
Cu(II) species directly to the polymerization solution. This was successfully 
demonstrated by Matyjaszewski et al. for the synthesis of polystyrene (PS) brushes 
from bromoisobutyrate-functionalized silicon wafers, by adding CuCl2 to the 
reaction mixture.13 
 
3.2   Methodology and Experimental 
Our objective is to produce functional polymeric patterns using a combination 
of strategy as depicted in Scheme 3.1. The primary patterning technique used is the 
reactive reversal NIL process described in Chapter 2. In order to carry out ATRP 
grafting from the templates, vinylbenzyl chloride was added into the NIL imprinting 
mixture. This chloromethyl group is embedded in the imprinted patterns and serves 
as the living free radical initiator, also called the inimers (initiator-monomers). The 
low viscosity of the imprinting mixture enables the inimers to be well dispersed and 
covalently bonded throughout the entire cured pattern. SI-ATRP could thus be 






Scheme 3.1. Schematic diagrams to illustrate (a) the chemical processes involved 
during NIL polymerization (this diagram is similar to Figure 2.10), (b) the combined 






3.2.1  Materials  
The imprinted patterns were prepared using precursor mixture and NIL 
process as detailed in Section 2.2. Hence only the details of the ATRP experiments 
will be given here. 
Styrene from Fluka was distilled under reduced pressure before use. Cu(I)Cl 
(Aldrich; 99.999%), Cu(II)Br2 (Aldrich; 99.999%), and 2,2’-bipyridine (bpy, 
Aldrich; 99%) were used as received. Sylgard-184 poly-(dimethylsiloxane) (PDMS) 
was obtained from Dow Corning. 
 
3.2.2  ATRP grafting from initiators immobilized on substrates  
The ATRP was performed as schematically shown in Figure 3.4. A 
polymerization bath was made up of 29.7 mg (0.3 mmol) of CuCl, 4.03 mg (0.03 
mmol) of CuBr2, and 117.3 mg (0.75 mmol) of 2,2’-bipyridine in 6 mL styrene. The 
mixture was transferred to a sealed round-bottom flask, and degassed for 5 min to 
remove oxygen. Imprinted PS pattern containing the chloromethyl functionalities 
was then placed into the flask, which was then subjected to pump-purge cycles for 
another 10 min. The mixture was heated in an oil bath with stirring to start the 
polymerization under N2 at 120°C. The duration of polymerization was controlled to 
produce different length of polymer brushes (i.e. the different size of amplified 
patterns). After polymerization, the substrate was removed from the flask, washed 
with dimethylformamide (DMF), toluene and ethanol sequentially, and then dried 
under a flow of N2 in the dry box. The prepared patterns were characterized with 





Figure 3.4. Schematic diagram showing the ATRP experiment. 
 
 
3.3  Fabrication of Tunable Polymer Micro/nano patterns 
3.3.1  ATRP grafting from the chloromethyl functional group 
In order to carry out ATRP grafting from the templates, it is important to 
confirm the presence of surface chloromethyl functional group after NIL. Thus, 
small amount of the NIL-imprinted pattern was scrapped off from the surface and a 
KBr sample pellet was prepared for FT-IR analysis. As shown in Figure 3.5, 
specific absorption peaks arising from C–Cl vibration at ~750 and 1265 cm-1 were 
exhibited, thus confirming that polymer layer with chloromethyl functionalities was 





Figure 3.5. Typical FTIR spectrum of the imprinted PS pattern, indicating the 
successful incorporation of the chloromethyl functional group. 
 
The patterns produced after ATRP were examined by SEM analysis and one 
typical comparison is shown in Figure 3.6. It was found that the imprinted PS pillar 
pattern was largely preserved, with a uniform increase in ATRP film thickness 
surrounding the pillars. Due to uniform growth on the lateral sides of the pillars, the 
average spacing between pillars was reduced from ~100 nm in Figure 3.6a to less 






Figure 3.6. SEM images of imprinted 250 nm-PS pillar patterns (a) before, and (b) 
after ATRP. 
 
As mentioned in Section 2.2.4, RIE is a powerful tool to etch away unwanted 
layers of polymers. In order to establish that the chloromethyl inimers are well 
dispersed throughout the imprinted patterns, we performed ATRP from a RIE-
etched PS surface. Thus, a 250 nm-imprinted PS line pattern was subjected to O2 
plasma (250 mT, 40 W) for 50 seconds (Figure 3.7). It is clearly seen that the line 
width was reduced from 250 nm to ~70 nm, with increased surface roughness due to 
the RIE etching. Figure 3.7c shows the uniform growth of the patterns after ATRP 
grafting from the RIE-etched pattern, with an increase of line width from 70 nm 
back to ~150 nm. These results show that the inimers are embedded uniformly 
throughout the patterns, and these functional groups are still ready for ATRP even 
after RIE etching. 





Figure 3.7. SEM images of imprinted 250 nm-PS line patterns (a) before RIE 
etching; (b) after RIE etching; (c) after ATRP grafting from (b). 
 
3.3.2   Comparison with free radical polymerization  
Free radical polymerization is one of the most common methods for polymer 
synthesis, partly because it can be applied to a large number of monomers and 
requires relatively moderate conditions. However, conventional free radical 
polymerization lacks the control because the intermediates involved are highly 
energetic and reactive (P* in Figure 3.8). While the addition of monomers (M) 
maintains active sites for further polymer growth, there are many other side 
reactions involving P* that lead to a loss of active functionality and restrict the 
growth of polymer chain. Hence, it is always difficult to obtain polymers with 
precisely defined end-groups and narrow distribution of molecular weights through 
free radical polymerization.  






Figure 3.8. A general mechanism for free radical polymerization. 
 
Figure 3.9 compares two patterns after ATRP and free radical 
polymerization respectively. The comparison shows clearly the advantage of ATRP 
in producing clean and uniform polymer growth. 
 
 
Figure 3.9. SEM images of 2 μm PS pillar pattern treated by (a) ATRP and (b) free 
radical polymerization. 
 




3.3.3   Fine-tuning of feature sizes by ATRP  
A series of ATRP reaction at identical conditions but with varying 
polymerization duration was hence performed on PS patterns of fixed feature sizes. 
As shown in Figure 3.10, all of the samples showed regular increase in polymer 
thickness for a series of 250 nm-PS pillars, thus giving a reasonably linear 
correlation for the evolution of feature sizes with the ATRP grafting duration.  
 
 
Figure 3.10. (a) SEM images showing the size evolution of 250 nm-PS pillars with 
the ATRP grafting duration. (b) The corresponding plot of the increase in pillar 








The same evolution of feature sizes was observed in PS line patterns as 
shown in Figure 3.11. The size of the line patterns could be controlled almost 
linearly from the initial feature size of 250 nm to as large as 320 nm by varying the 
ATRP reaction time. Since the feature pattern did not change, a corresponding 




Figure 3.11. SEM images of grafted PS line patterns with increasing ATRP reaction 
time (t): (a) original 250 nm line; (b) 280 nm line, t = 40 min; (c) 320 nm line, t = 90 
min. 
 
Following the mechanism of ATRP as discussed in Section 3.1, linear chains 
of polymer are expected to grow from the substrate surface to form layers of 
polymer brushes. As shown by the cartoon in Figure 3.12, there will be a stage 
when brushes from adjacent features tangled with each other and thus masking the 
features of the imprinted patterns. The results are illustrated by SEM images of 
patterns after > 5 hours of ATRP in Figure 3.12b.  








Figure 3.12. (a) Cartoons showing the over-grown of polymer brushes from the 
pattern. (b) SEM images of PS patterns covered with excessive layers of polymer 
brushes. 
 
Prolong period of ATRP also results in the depletion of catalysts and thus 






sometimes observed for prolong period of ATRP due to the depletion of active 





Figure 3.13. (a) SEM images showing the size evolution of 2 μm-PS pillars with the 
ATRP grafting duration. (b) The corresponding plot for the increase in pillar width 
versus time, the error bars represent standard deviations among replicate samples. 
 
We have found that the pillar width can also be controlled by tuning the feed 
ratio of the inimers added during the NIL process. The effect of inimer concentration 
is illustrated in Figure 3.14, which shows the resultant features after 2 hour of 
ATRP process. Figure 3.14a is the control sample without the addition of 
vinylbenzyl chloride functionalities (feed ratio = 0%), of which the width of pillar 
remains at 250 nm after ATRP. By increasing the feed ratio of inimer to 13%, the 
average width of PS pillar increases from 250 nm to 280 nm. At inimer feed ratio of 
1μm 1μm 1μm 1μm 1μm






26%, the average width of PS pillar increases further to 300 nm. This observation, 
similar to earlier report,23  suggests that the grafting sites were uniformly distributed 
on the surface with its density directly depending on the feed concentration of the 
inimers. The increasingly packed polymer brushes will adopt a more extended 




Figure 3.14. SEM images showing the variation in feature size of 250 nm-PS pillars 
after 2 hour of ATRP using feed molar ratio of vinylbenzyl chloride at (a) 0%, (b) 
13% and (c) 26%. 
 
3.3.4   Stability of the imprinted patterns 
Stability of the polymer brushes on the imprinted patterns in different solvents 
is crucial for their applications. We thus conducted both the static and dynamic 





stability tests of the ATRP-treated patterns in four different solvents, namely water, 
ethanol, N,N-dimethylformamide (DMF) and toluene. In the static stability tests, 
samples were immersed into the solvent for over 1 day at room temperature without 
stirring. For all the ATRP-treated samples, no obvious change in any dimension of 
the feature was detected as characterized using SEM (results not shown). In the 
dynamic stability test, magnetic stirring and sonication were applied to simulate 
mechanical stress in the solvent. Representative SEM images of the samples that 
went through such tests are shown in Figure 3.15. Again, no obvious defects were 
observed in all these studies. 
  
 
Figure 3.15. SEM images of the imprinted patterns after dynamic stability test (a) 2 
µm pillar pattern, (b) 250 nm pillar pattern and (c) 250 nm line pattern. 
 





We believe that the stability of the features is due to the high degree of 
crosslinking in the NIL-imprinted patterns. While it is an advantage to have high 
mechanical and chemical stabilities, a high degree of crosslinking could be a 
drawback due to inability to swelling during chemical reactions. This drawback can 
be perfectly resolved by introducing layers of grafted polymer brushes by ATRP. 
These polymer brushes offer excellent swelling ability under good solvent, as will 
be shown in Chapter 5.  
 
3.4    Fine-tuning the Z-direction of the patterns  
While Section 3.3 has demonstrated the possibility to fine-tune PS feature 
sizes using a combination of ATRP and NIL techniques, the resultant aspect ratio of 
these micro/nano architectures was not affected. This is because the polymer brushes 
grow to the same extent from the top and the sides of the features. In this section, we 
develop a modified reversal microcontact printing (μCP) process in combination 
with ATRP to control the growth of these polymer brushes specifically in the z-
direction.   
 
3.4.1   An overview of microcontact printing (μCP) method 
μCP is an efficient technique for the patterning of large-area surfaces with 
spatial resolution down to the sub-micrometre range.24 In a typical μCP scheme, a 
soft elastomeric stamp is brought into intimate contact with a substrate to transfer 
“ink” molecules from the stamp to the substrate. The key element in μCP is the 
patterned polymeric stamp. The stamp must be flexible enough to make conformal 




the topographical features during the printing process. μCP was first reported in the 
early 1990s by Kumar and Whitesides for the patterned transfer of thiols onto Au 
surfaces by means of a poly(dimethylsiloxane) (PDMS) stamp (Figure 3.16).24 
Thiols as the “ink” can form self-assembled monolayers (SAMs) onto Au surface 
due to the strong S-Au bond and the van der Waals-interaction between the thiol 
alkyl chains. However, μCP is not limited to printing thiols on Au. It has been 
shown that – subject to a suitable modification of stamp and substrate – silanes, 
polymers, proteins, DNA, NPs and even metal nanofilms can be printed by μCP.25-29 
 
Figure 3.16. Schematic diagram showing μCP process to transfer the “ink” from the 





PDMS elastomer is typically used to transfer the pattern from the template to 
the substrate. In most µCP experiments, a commercially available two-component 
siloxane polymer is used. During the stamp-preparation step, the liquid vinyl-
terminated pre-polymer and the curing agent, which consists of a short hydrosilane 
crosslinker and a platinum catalyst, are mixed together. The mixture is poured onto 
the patterned template and cured at elevated temperatures (usually 60°C) to form a 
solid but elastomeric stamp. Thus, as shown in Figure 3.17, the PDMS stamp is a 
crosslinked polymer containing –Si(CH3)2–O– structural unit.  
 
 
Figure 3.17. Schematic diagram showing the catalyzed crosslinking reaction of 
PDMS stamp. 
 
PDMS has been extensively used in “soft lithography” for numerous 
applications, including patterning of monolayers, or as scaffolds to generate 
microfluidic channels.30, 31 It is well-known that, while PDMS is flexible enough to 




pressure (Figure 3.18). Such deformation prohibits its usage in the sub-micrometre 




Figure 3.18. The pattern resolution and reproducibility of the µCP process are 
limited by (a) stamp deformation; left: buckling, and right: roof collapse, and (b) 
diffusion phenomena of the ink (1) along the surface or (2) through the ambient.25 
 
In recent years, major improvement in the resolution of μCP was reported 
using radically altered design of stamps. Featureless stamps have been used, for 
example, chemical patterns could be created on a flat PDMS stamp surface through 
oxidation in oxygen plasma using a shadow mask.32 However, the feature size is still 
limited by the shadow mask used. Another strategy reported by Embrechts et al. was 
to use a combined NIL/μCP approach via a complex multistep fabrication, which 
involved repeated printing steps to achieve acceptable coverage of the adsorbate.33 
In the following section, we will present a modified NIL/μCP approach followed by 








3.4.2   Methodology and results 
Our general strategy is presented in Scheme 3.2. A PS pattern without 
chloromethyl functionality was first fabricated by the reactive reversal NIL as 
described in Section 2.2. The PDMS stamp was prepared by mixing the curing 
agent/pre-polymer component at a ratio of 1:10. After keeping in a vacuum 
dessicator for 1 hour to remove air bubbles, this mixture was poured onto a Si wafer 
and spun at 5000 rpm for 40s to form an ultrathin layer. The PDMS-coated Si wafer 
was then cured in an oven overnight at 60 °C. Before imprinting, precursor solution 
containing vinylbenzyl chloride was evenly dispersed as “ink” onto the PDMS 
surface by spin coating at 5000 rpm for 20s followed by drying in a N2 stream for 5s. 
The inked PDMS was placed in conformal contact with the PS patterns and the 
assembly was annealed in an oven for 1 hour at ~110°C. The assembly was allowed 
to cool to room temperature before the PDMS was peeled off from the PS pattern. 
After this μCP step, the “ink” containing chloromethyl functionality is thus 
transferred from the PDMS stamp to the top surface of the PS pattern, and ATRP 





Scheme 3.2. Schematic diagram showing a modified NIL/μCP and ATRP strategy 
to control the growth of polymer brushes in only the z-direction.  
 
Comparing with the conventional μCP, our reversal μCP approach uses a flat 
PDMS as the “ink pad”, which allows the direct use of a high resolution PS patterns. 
Flat and featureless PDMS pad offers an effective solution to avoid the typical 
mechanical stamp deformation. Hence, the resolution of the stamp is now limited 
only by the resolution of the patterns fabricated by NIL.  
In our attempts, we have found that the thickness of the PDMS pad can affect 
the resultant feature of the grafted patterns. A thicker PDMS pad deformed readily 
under pressure and would tend to spread some “ink” onto the sidewall of the PS 
patterns. Thus, SEM images in Figure 3.19 show that protruding PS features along 
the edges of the pattern are produced after ATRP grafting. On the other hand, very 
clean and smooth patterns were produced when an ultrathin PDMS pad was used as 




limitations of PDMS in µCP, and we believe the stability of our highly crosslinked 
PS pattern as well as the “reversal” approach have all helped to allow perfect 




Figure 3.19. SEM images of patterns prepared from a thicker PDMS ink pad: (a) 
250 nm PS pillars, and (b) 250 nm PS line patterns. (c) A schematic showing 





Figure 3.20. SEM images of patterns prepared from an ultrathin PDMS ink pad: (a) 
250 nm PS pillars, and (b) 250 nm. (c) A schematic showing reduced deformation of 
the PDMS during µCP, which allows a clean ATRP grafting only from the top 
surfaces. 
a ) b ) 
c ) 






Next, AFM analysis was performed to study the growth of the grafted 
polymer brushes in the expected z-direction. Figure 3.21 shows the AFM image of 
the original PS pattern, displaying 250 nm lines with ~118 nm average height. The 
“inking” process after µCP treatment was found to have little effect on the PDMS 
substrate (Figure 3.22a), giving 250 nm PS line pattern with an average height of 
about 120 nm. After ATRP grafting, the pattern changes to 170 nm in average height 
without any significant change in width (Figure 3.22b), thus indicating ~50 nm 
growth in the z-direction. This observation, together with Figure 3.20, demonstrate 
the successful transfer of active inimers onto the top surfaces of the PS pattern only 
and has effectively deter lateral grafting from the side-walls of the patterns.  
 
 







      
       
         
Figure 3.22. AFM and SEM analysis of 250 nm PS line patterns: (a) sample after 
the reversal µCP treatment; (b) sample after the µCP treatment followed by 4 hours 
ATRP grafting; (c) sample containing inimers all over the surfaces without 








As a comparison, we have also analyzed the height profile of grafted pattern 
containing inimers all over the surfaces without removing the residual layer (refer to 
Scheme 3.1). While the width of this pattern increased apparently, Figure 3.22c 
shows that its average height remained unchanged after ATRP grafting. This 
confirms again the unique uniform distribution of functional sites in our approach, 
since an equal growth from both the top and bottom surfaces of the patterns will 
cancel out any change in height.  
 
3.5  Summary 
In summary, we have demonstrated the fine-tuning of feature sizes in 
mico/nanometer scale by combining a top-down process with a bottom-up SI-ATRP 
grafting step. In our first strategy, pre-polymer mixture containing desired 
functionality can be uniformly and specifically incorporated onto the architectures 
through reactive reversal NIL, which then provides the surface active sites for 
controlled ATRP grafting. We have found that both the grafting duration and the 
functional monomer concentration can be used to control the resultant feature sizes. 
In our second strategy, the simple reversal μCP method allows the growth of these 
polymer brushes only in the z-direction, thus giving further dimension in fine-tuning 
the architectures. 
In addition to controlling feature widths and heights, our approach also opens 
up the possibility to modify the surface chemistry and functionality of nanoscopic 
architectures. The process is expected to be versatile for a wide range of readily 
available monomers, hence both the chemical and physical properties of surface-




combination with soft lithography offer a promising route towards integrating 
different components for future polymeric/organic-based devices. 
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Chapter 4  Template-directed Assembly of 
Nanoparticles in Fine-tuned Polymer Micro/nano Patterns 
 
4.1  Overview on the Self-assembly of Nanoparticles 
In recent years, the assembly of NPs on an appropriate substrate or in a 
specific arrangement has attracted some attention due to potential applications in 
areas such as photonic materials,1 microchips,2 miniaturized sensors,3 and drug 
delivery.4-8 Many of the challenges remain in the development of assembly 
processes that are scalable, controllable, rapid, and inexpensive. Among the many 
techniques developed, template-directed assembly has been proven to be a powerful 
approach to collect the particles, organize them, and/or bind the assembly to the 
region of the modified substrate.  
Template-directed assembly can be achieved either by using chemically or 
topographically patterned substrate. Aizenberg et al. has demonstrated a directed 
deposition of colloidal metallic NPs onto substrates patterned with alkanethiol ink 
using µCP.9 However, this approach was only demonstrated on the length scale of a 
few particles and poor order within the colloidal arrays was observed. The nanoscale 
template also requires the fabrication of stamps with resolution at the nanometer 
length scale, which generally needs expensive and complicated processes.  
Many groups have presented the directed assembly of NPs onto 
topographically templated substrates.10 These assemblies do not rely on the 
interaction between NPs and the surface functionalities, they are therefore general to 




generated with lithographic techniques such as EBL,11 NIL,12 and UV 
photolithography.13 
Assembly of NPs into NIL-imprinted templates can be achieved by methods 
as simple as sedimentation,14-16 but can also be directed by convection and 
capillarity,17-19 or driven by external fields.20-24 Jung and his co-worker have 
fabricated nanopatterns with Au NPs-embedded micelles (Au-micelles) by self-
assembly of block copolymers via NIL. Au-micelles were arranged on the trenches 
of the polymer template, and the structure of the assembly could be conveniently 
controlled by changing the type of the patterns, such as the line-type and dot-type. 
In this chapter, we make use of the topographical templates fabricated by NIL 
to perform directed assembly of NPs. Through the ATRP grafting strategy discussed 
in Chapter 3. We further fine-tune the surface chemistry and the feature size of the 
micro/nanoscopic template to facilitate the assembly process, thus overcoming the 
limitations inherent to reported techniques. Silica and ZnO nanospheres were chosen 
for this study because of their chemical compatibility and thermal stability. Size-
controlled CuxS nanodisks prepared by our research group were also used as an 
example to study the assembly of anisotropic NPs. We have also attempted to 
combine template-directed assembly with the in situ decomposition of a PbS 






4.2  Experimental 
The standard procedure for the fabrication of PS line patterns on Si substrate 
with surface-active chloromethyl groups was described in Section 2.2. After 
imprinting, the line patterns were further fine-tuned by successive ATRP as 
described in Section 3.2 to obtain the desired line spacings. Thus in this section, 
only the procedures for assembly studies will be presented. 
4.2.1 Template-directed assembly of pre-synthesized nanoparticles 
First, silica was prepared according to the literature method25 and desired sizes 
of ZnO and CuxS NPs were synthesized according to procedures given in Appendix 
II. Before the assembly, these NPs were well dispersed in a good solvent. The PS 
line pattern imprinted on Si substrate was placed in a beaker with the patterns side 
facing up. The NPs solution was then introduced into the beaker and sonication was 
performed to help the dispersion of the NPs for 1 minutes. The beaker was then 
sealed and left untouched overnight for the NPs to assemble. The substrate was 
slowly withdrawn from the beaker at an angle as shown in Figure 4.1. After that, the 
substrate was rinsed with running ethanol and acetone and blow dried with N2. 
 
 





4.2.2 In-situ fabrication and assembly of PbS nanoparticles on PS line 
patterns. 
We attempted to carry out a one-step in situ synthesis cum assembly using a 
precursor method developed in our laboratory.26-29 In this method, a lead 
thiobenzoate precursor, Pb(SCOC6H5)2 (abbreviated as PbTB hereafter) can be 
decomposed at room temperature by an amine functional group. Thus, the PbTB 
precursor was first synthesis following procedure given in Appendix III, whereas 
the PS template surfaces were converted to amine according to steps given in the 
followings: 
Nitrification of the chrolomethyl groups on the PS line pattern  
The PS line pattern was first immersed inside a mixture of HNO3 and H2SO4 
[1:1.4 (v/v); made by adding 2.8 mL H2SO4 (95-97%) carefully into 2 mL HNO3 
(65%) then cooling down to room temperature]. After immersion for 2 hours at 
room temperature, the template was washed by deionized water with sonication, and 
then finally dried in air. The surface functionalities of the template were 
characterized by FTIR. 
Reduction of the NO2 groups to NH2 groups  
First, 1.5 g SnCl2 was added into 2.5 mL HCl (37%), and heated to 70°C. The 
solution was stirred until the solution changed from white turbid to colorless. After 
nitrification, the PS template was put inside the colorless SnCl2/HCl solution and 
heated to 100°C with stirring for 12 hours. The template was then washed with 




In-situ fabrication PbS nanoparticles  
0.05 g of the prepared PbTB precursor was dissolved in 2 mL DMF. A droplet 
of this PbTB/DMF solution was added onto the surface of PS line pattern treated as 
above. The amine functionalities would decompose the precursor to PbS NPs. After 
some intervals of time (optimized from 10 min to 60 min), this template was rinsed 
with ethanol and sonicated in DMF to remove the excess precursor and by-products. 
The morphology of the final products was characterized by SEM and the results will 
be discussed in Section 4.4.  
 
4.3  Template-directed Assembly of Nanoparticles  
Figure 4.2 shows a typical 250 nm PS line pattern used in this study. The 
cross sectional AFM image confirms a regular feature height of ~200 nm. Desired 






   
Figure 4.2. Analysis of a typical PS line pattern used in this study: (a) cross 
sectional AFM image and (b) SEM image. 
 
PS line patterns can act as a topographical template to direct the spatial 
location of NPs. Tuning the spacing of PS line patterns provides a further aspect to 
control the symmetry and orientation of the NPs assembly. Figure 4.3 shows the 
SEM images of typical assembly of ZnO, SiO2 and CuxS NPs in these PS line 
patterns. Thus, the PS line pattern has confined the assembly of these NPs inside the 
channels. By changing the line spacing of the pattern, a good correlation between 
the packing density and the size of NPs is clearly observed. On the other hand, the 
morphology of the NPs also affects the assembly. The disk-like CuxS NPs was 
packed either face-on or side-on in the channels (Figure 4.3c & d). In the following 








Figure 4.3. SEM images of nanoparticles assembled in PS line patterns with 
different line spacing. a ) 50 nm SiO2 particles in 250 nm line spacing; b ) 150 nm 
ZnO particles in 150 nm line spacing; c ) 200 nm CuxS particles in 200 nm line 
spacing; d ) 200 nm CuxS particles in 180 nm line spacing. Solvents used: ethanol 
for SiO2 and ZnO; toluene for CuxS. 
 
4.3.1 Template-directed assembly of ZnO nanospheres 
ZnO is a versatile semiconductor material that has attracted much attention 
because of the commercial demand for optoelectronic devices operating at the blue 
and ultraviolet regions.30 The assembly of ZnO NPs in reproducible patterns enables 
us to obtain interesting and useful functionality not only from the particles 
themselves, but also from the long-range order exhibited by the integrated 
assemblies.31-34 
Gravity sedimentation19, 20 and convective self-assembly17-19 have been used 
to direct the assembly of spherical particles. Understanding the mechanism of the 
a ) b ) 




deposition process is important to achieve successful template-directed assembly. In 
our basic approach as depicted in Figure 4.1, we believe that NPs were assembled 
onto the substrates due to a combination of capillary force and physical constriction. 
As compared in Figure 4.4, deposition of ZnO NPs on “pattern-less” Si substrate 
prepared the same way was found to be randomly distributed. Whereas large-area of 
uniform assembly could be obtained in the line patterned template.  
 
      
Figure 4.4. Cartoon and SEM images showing the deposition of 150 nm ZnO 
nanoparticles on prepared substrate: (a) “pattern-less” Si substrate; (b) 250 nm PS 
line pattern. 
 
The successful assembly of ZnO NPs in the PS line spacing, while no particle 
was observed on top of the channels confirmed that the assembly arises from 
capillary forces. The slight clustering of NPs deposited on the Si substrate in Figure 
4.4a indicated the existence of weak inter-particle van der Waals interaction. Since 
there is no specific interaction between the NPs and the substrate, the ZnO NPs 
could be easily washed away from the PS template through 30 min sonication 
(Figure 4.5).  






Figure 4.5. SEM images showing the assembly of 150 nm ZnO nanoparticles in 250 
nm PS line patterns (a) before and (b) after sonication in ethanol. 
 
Concentration of the ZnO dispersion also has a direct effect on the formation 
of the assembly in the line patterns (Figure 4.6). At very low concentrations, only a 
sparsely populated distribution of particles formed within the patterned template. 
The number of deposited NPs increased linearly with the concentration of the 
dispersion, and a concentration of ~1x10-4 mol/L was found to be the most suitable 
for directed assembly of ZnO NPs in a 10×5 mm pattern (Figure 4.6c). Excessively 
high concentration resulted in a thick deposition of ZnO NPs that fully covered the 
pattern surface. These deposited NPs can be removed by excess wash in ethanol 
under sonication. 





Figure 4. 6. SEM images showing the assembly of 150 nm ZnO nanoparticles in 
250 nm PS line patterns at different concentration. (a) 5x10-6 mol/L; (b) 5x10-5 
mol/L; (c) 1x10-4 mol/L; (d) 1x10-2 mol/L. 
 
Finally, the correlation between particle size and the width of line spacing 
was studied. It has been observed that when the line spacing W was much larger 
than the particle size d, the NPs will pack themselves inside the channels without 
much order (e.g. Figure 4.3a). We have found that, when the ratio of W/d is within 
1 to 2, a single zigzag line of NPs will form inside each channel to maximize the 
packing (Figure 4.7a & b).Overfilling of particles appeared in some regions. If the 
width of line spacing just fit the diameter of the NPs (i.e. W/d = 1), the assembly is 
tightly packed and highly uniform patterns can be obtained (Figure 4.7c). 
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Figure 4.7. SEM images showing 150 nm ZnO nanoparticles assembled in PS line 
patterns of different line spacing;.(a) 250 nm, W/d = 1.7, (b) 200 nm, W/d = 1.5; and 
(c) 150 nm, W/d = 1. 
 
4.3.2 Template-directed assembly of CuxS nanodisks 
In this section, we study the assembly of anisotropic nanodisks in the PS line 
patterns. Copper sulfide (CuxS, x: 1→2) is well known to form a wide variety of 
non-stoichiometric and mixed phases of which at least five are known to be stable at 
room temperature: covellite (CuS) in the “sulfur-rich region”; and anilite (Cu1.75S), 
digenite (Cu1.8S), djurleite (Cu1.95S) and chalcocite (Cu2S) in the “copper-rich 
region”.35 In our method (Appendix II), monodisperse Cu1.75S nanodisks with 
regular hexagonal shape were prepared. The size, shape and also the aspect ratio (i.e. 





diameter/thickness) of the nanodisks can be tuned by the [capping agent]/[CuTB] 
ratio as well as the reaction temperature. 
The shape and morphology of NPs are expected to have an effect on their 
assembly behavior. Anisotropic NPs are capable of showing both the positional and 
orientational ordering during assembly. In Figure 4.3, we have shown that CuxS 
nanodisk can be oriented either face-on (parallel) or side-on (perpendicular) on the 
substrate. Here, we investigate the fundamental aspects of the assembly of 
anisotropic CuxS nanodisks in more details. The orientational ordering of these 
anisotropic nanodisks is obvious even when they are deposited onto “pattern-less” Si 
substrates (Figure 4.8). Although randomly distributed, the CuxS nanodisks were all 
lying parallel to the substrate surface. In Figure 4.8, we also noted that the 
nanodisks showed a tendency to form single layered arrays at low concentration but 
stacks of nanodisks at higher concentration. This seems to indicate some weak face-
to-face interaction of the nanodisks. 
 
 
Figure 4.8. SEM images showing the deposition of 200 nm CuxS nanodisks at two 
concentrations on Si substrates. (a) 1x10-5 mol/L; and (b) 1x10-3 mol/L. 




Capillary interaction at the solution interface plays an important role in 
driving the nanodisks down onto the substrate. When the solution film thickness on 
the substrate was less than the diameter of the nanodisks, capillary force will slide 
the particles toward the thicker part of the solution and pushed the nanodisks toward 
the substrate. For the imprinted line pattern, the evaporating contact line dragged the 
particles into the channels, from which the final droplets of solvent evaporate 
(Figure 4.9).  
 
Figure 4.9. Schematic cartoon showing the capillary force (Fc) assembly mechanism 
at the vapor-solution contact line, driven by solvent evaporation. 
 
Figure 4.10 shows the assembly of CuxS nanodisks using dispersion at 
different concentration. Here, we noted that while the amount deposited and the 
stacking are proportional to the concentration, the orientational ordering of the 
nanodisks is not influenced directly by the concentration. Nearly 90% of the 






Figure 4.10. SEM images showing the assembly of 200 nm CuxS nanodisks in 250 
nm PS line patterns at different concentration. (a) 1x10-6 mol/L; (b) 1x10-5 mol/L; (c) 
1x10-4 mol/L; (d) 1x10-3 mol/L. 
 
We have found that the orientational ordering of the CuxS nanodisks is 
influenced by the relative size between the disks (d) and the width (W) of line 
spacing (Figure 4.11). When the diameter of the nanodisks was much smaller than 
the line spacing, CuxS nanodisks were found to assemble parallel but randomly. 
When the line spacing was close to the diameter of the nanodisks (W – d ~ 30 nm), 
the nanodisks assembled in a uniform parallel array in each channel (Figure 4.11b). 
When the line spacing of the patterns is less than the diameter of the CuxS nanodisks, 
the anisotropic disks begin to fit themselves perpendicularly into the channel (two 
regions of the same sample are shown here in Figure 4.11c & d).  
a ) b ) 






Figure 4.11. SEM images showing the assembly of CuxS nanodisks in PS line 
patterns with different line spacing: (a) 150 nm CuxS in 200 nm line spacing; (b) 150 
nm CuxS in 180 nm line spacing; (c & d) 200 nm CuxS in 180 nm line spacing, 
different regions. 
 
In a good solvent, an ultrathin polymer layer anchored on surface will exist in 
a swollen state. These polymer chains with one chain end tethered to an interface are 
called “polymer brushes”.36 At high grafting densities, steric repulsion leads to the 
stretching of these brushes, which thus offer a system of soft penetrable surfaces. 
The flow behavior of particles in contact to such soft surfaces should depend on both 
their size and their shape, which then control the penetration of these particles in the 
brushes.37 The soft surface acts as a region to provide a steric repulsion when the 
particle size becomes comparable to the brush thickness. Figure 4.12 shows 
a ) b ) 




schematically how the polymer brushes can expel and affect the assembly of 
particles, using small CuxS nanodisks in toluene as illustration. 
 
 
Figure 4.12. Schematic showing the assembly of CuxS nanodisks in template with 
swollen polymer brushes. 
 
Figure 4.13 compares the assembly of CuxS on original line pattern before 
ATRP with that of polymer brushes after ATRP. In the original template, the CuxS 
nanodisks were found to move to the sidewall of the channels by capillary force, 
forming two lines along the sidewalls. On the template with polymer brushes, the 
CuxS nanodisks were pushed to the center of the channel by the swollen polymer 
brushes, resulting to worm-like arrangement. In Chapter 5, we will demonstrate 
how such interaction between NPs and polymer brushes can be utilized to prepare 





Figure 4.13. SEM images showing the assembly of 90 nm CuxS nanodisks in PS 
line patterns: (a) before ATRP; (b) after ATRP. Channel size in (b) has reduced to 
200 nm. 
 
4.4  In-situ Fabrication and Assembly of PbS Nanoparticles  
Template-assisted synthesis and in-situ fabrication of NPs are two attractive 
research topics in nanomaterials. In general, templates can be used as scaffold to 
confine/support the growth of NPs, example is the use of anodic aluminum oxide to 
fabricate 1D nanostructures.38 On the other hand, the functional group on/inside the 
template could be used as reactive sites to initiate/activate the reaction. For example, 






polystyrene-block-poly(2-vinyl pyridine) diblock copolymer containing imino 
group.39  Recently, polyoxometalates with reducing and stabilizing abilities, have 
been used as templates to synthesize metal NPs with novel morphologies in-situ.40 
Based on the previous research work in our laboratory on metal thiobenzoate 
precursor (MTB, M = Pb, Ag, Cd…) decomposition (Appendices II & III), we 
attempt here to combine the PS template method with the precursor method to 
fabricate and assemble NPs in-situ on the PS line pattern. We have chosen to 
prepare PbS because the PbTB precursor has been found to decompose readily at 
room temperature by amine functional group. Thus, we first modify the PS patterns 
to incorporate this functionality according to scheme shown in Figure 4.14, the 
detailed experimental procedures of which have been given in Section 4.2. 
 
Figure 4.14. Schematic illustration of in-situ fabrication and assembly of PbS 





FTIR spectral analysis of the PS pattern before and after nitrification and 
reduction is shown in Figure 4.15. It is clear that after nitrification, the characteristic 
peaks including the N-O stretching vibration at ~ 1520 cm-1 and 1346 cm-1, as well 
as the C-N stretching vibration at ~ 855 cm-1 have appeared, indicating the 
successful substitution of nitro functionality. The disappearance of the NO2 peak at 
1346 cm-1 and the appearance of the N-H in-plane bending vibration peak at 
1621cm-1, confirms the successful reduction of NO2 group to NH2 group. 
 






As illustrated in Figure 4.14, we expected the growth of PbS NPs on top and 
at the sidewalls of the line patterns. SEM images in Figure 4.16 showed that indeed 
spherical NPs of average diameter ~ 25 nm are formed after reaction at 60 minutes.  
At 20 min reaction time, the zoom-in image in the insert of Figure 4.16b suggested 
that smaller particles are scarcely distributed on top of the channel and along the 
sidewall. There were essentially no particles observed at the bottom Si substrate 
along the channel lines. These results proved the successful decomposition of PbTB 
at the reactive sites on the pattern. The excess precursor could be completely 
removed from the template after washing with DMF whereas the PbS NPs which 







Figure 4.16. SEM images showing the in-situ fabrication of PbS nanoparticles on 
NH2 functionalized PS patterns (a) before and (b&c) after reaction with PbTB; (b) 
reaction time = 20 min; (c) reaction time = 60 min. Insert in (b) shows a zoom-in 
image of the sidewall indicating the formation of particles ~ 15 nm. 
 
Thin film x-ray diffraction (XRD) was used to investigate the surface of the 
PS patterns covered with NPs. Figure 4.17 shows the typical wide-angle XRD 
pattern of the sample and confirms the diffraction peaks can be indexed to the cubic 
rock-salt structure of the bulk galena PbS phase (JCPDS 5-592). 
 







Figure 4.17. Typical XRD pattern of nanocrystals assembled on the 250 nm PS line 
pattern. The standard pattern of bulk galena PbS (JCPDS 5-592) is shown as stick 
diagram for comparison. 
 
Finally, in order to confirm that the NH2 functional groups play a role during 
the decomposition of PbTB, control experiments were performed on PS line patterns 
without NH2 functionalization. SEM images of the control and the functionalized 
sample were compared in Figure 4.18. It was clear that there were no particle 
formation on the PS template without NH2 groups. So we could conclude that 
through the functionalization of PS line patterns, PbS NPs can be fabricated and 






Figure 4.18. SEM images of PS patterns of different surface properties after 
reaction with PbTB for 60 min: (a) surface without NH2 functional groups; (b) 
surface with NH2 functional groups. 
 
Comparing with previous methods reported, this method is much simple, 
versatile and convenient. For example, different kinds of NPs such as CdS, Ag2S etc 
can be synthesized on PS template using this method. As a further work of this 
method, we can even control the distribution of reaction sites to obtain more than 
one kind of NPs on the same piece of template. Combining with reversal NIL 
process, this can open up many possibilities to manufacture multi-functional 
materials.  




4.5  Summary 
In summary, we have demonstrated a versatile method for the assembly of 
ordered NPs by using templates prepared with reactive reversal NIL and ATRP 
method discussed in Chapter 3. The driving forces for self-assembly are capillary 
force and physical constriction. Isotropic ZnO nanospheres and anisotropic CuxS 
nanodisks were investigated. Two parameters are important to achieve good 
ordering: line spacing of the imprinted patterns fine-tuned by ATRP and the 
concentration of NPs dispersion. Optimized assembly could typically be achieved 
when the concentration of the NPs dispersion was about 1x10-4 mol/L. This method 
has provided an effective way to control the packing density and the orientational 
ordering of NPs.  
In the second part of our attempts, we developed a method to fabricate and 
assemble PbS NPs in-situ through precursor decomposition directly on the active 
sites of the templates. This method can be potentially useful for making multi-
functional patterned materials for applications. 
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Chapter 5  Assembly of Nanoparticles Guided by 
Surface Grafted Solvent-responsive Polymer Brushes  
 
We have shown briefly in Section 4.3.2 that polymer brushes are swollen 
when immersed in a good solvent, and the swelling introduces sufficient physical 
barrier to guide the assembly of NPs. In this chapter, we present a simple approach 
to imprint active sites in specific patterns on featureless templates (i.e. substrates 
without topographical patterns). The patterned active sites were then used to produce 
polymer brushes that can swell in good solvent for the assembly of NPs. We have 
chosen to investigate two different type of polymer brushes (one hydrophobic and 
the other hydrophilic), and studied the interplay of parameters such as the polymer 
chain length, grafting density of the brushes, NPs size and the solvent quality. In 
Section 5.1, a brief overview of literature studies of polymer brushes will first be 
reviewed. 
 
5.1  An Overview on Studies of Polymer Brushes 
Polymers end-grafted on a solid surface play an important role in many areas 
of science and technology, e.g., colloidal stabilization,1 control of adhesion,2 
lubrication,3 liquid crystal displays,4 and chemical gates.5 The conformation of these 
polymers dramatically changes with grafting density.6-8 At low grafting densities, 
they will assume a “mushroom” conformation with the coil dimension similar to that 
of ungrafted (free) chains. With increasing grafting density, graft chains will stretch 
away from the surface, forming the so-called “polymer brushes”. As mentioned in 




utilized to create patterns for organizing nanosized objects. Polymer brush is more 
stable compared to a spin-coated polymer layer with regard to solvent treatment and 
harsh conditions such as high temperature, because of the covalent bond between the 
polymer brush and the substrate. 
Unlike a stable imprinted pattern, the conformation of these polymer brushes 
is stimuli-responsive towards different solvent. These responsive properties 
potentially provide the basis for the development of “smart” surfaces. On the basis 
of the nature of interaction with the grafted polymer chains, solvents can be broadly 
classified as poor or good solvents for a polymer brush. Polymer chains always 
remain in a collapsed state in poor solvents due to the poor interaction between the 
solvent and the polymer segments. On the contrary, they have a stretched 
conformation with increased mobility of their free ends in good solvents. The 
thickness of the swollen layer is governed by the balance between osmotic pressure 
and chain stretching. Various studies employing analytical theory,9 simulation,10 and 
neutron reflection11 have shown that stretched chains in a polymer brush gradually 
shrink and finally collapse as the solvent quality changes from good to poor. Most of 
the brushes may swell up to as much as 6 to 10 times their dry thickness.12-14 Several 
reports have described the formation of mushroom-like structures under various 
conditions.15, 16 
Periodic polymer brushes17 are useful for the study of responsive phenomena 
and can be directly obtained by carrying out polymerization from periodic initiating 
sites prepared by soft lithography on substrates.18 Nanopatterned self-assembly 
monolayers (SAMs) of initiator can be generated by contact printing19 or dip-pen 




Substrate of polymer brushes embedded with NPs also represents an example 
of thin nanocomposite film where the particle’s environment can be regulated by 
grafted polymer chains and their grafting density. Interaction with the brushes also 
affects the spatial organization of NPs on the grafted substrate. Small particles that 
strongly interact with the polymer disperse freely within the polymer brushes, while 
“insoluble” particles tend to aggregate outside the brushes. On the other hand, big 
aggregates are expelled towards the brush-air interface.22 Therefore, switching 
particle-polymer interactions via the change of solvent quality can influence the 
particle organization in polymer brushes23 and can thus be used for a controlled 
assembly of particles on the surfaces.24 
In most reported cases, however, the polymer matrix only serves as a suitable 
scaffold for immobilizing the NPs and preventing them from aggregation. The 
generation of ordered 2D NPs arrays in a polymer matrix is a challenging task. To 
the best of our knowledge, the direct introduction of particles into a polymer matrix 
by casting, spin-coating, or dip-coating to form 2D ordered assembly of NPs has not 
been achieved.  
 
5.2  Methodology and Experimental 
5.2.1  Preparation of patterns with embedded active sites 
In order to obtain flat templates with patterned active sites, a back-filling 
process was used as shown in Figure 5.1. In the first step, the line-patterned Si 
substrate was backfilled with precursor monomer containing the active functional 
group. The substrate is then aligned and pressed at a suitable pressure (4 MPa) onto 




detailed procedures is similar with the reactive reversal NIL process given in 
Chapter 2. Prior to imprinting, the patterned substrate is treated with γ-MPS while 
the flat wafer is treated with PEDS to obtain a higher surface energy. Since the flat 
wafer has a higher surface energy than that of the patterned substrate, the polymer 
with active functional groups can be easily backfilled into the latter. Thus, this 
produces a flat patterned substrate of alternating 250 nm lines with and without the 
active functional groups. The density of the active initiators could be easily tuned by 
changing the concentration of the functional monomer in the “ink”, and these active 
sites are used to initiate ATRP. 
 
  
Figure 5.1. Schematic diagram showing the approach to prepare flat patterned 





5.2.2 Preparation of polymer brushes 
Two types of polymer brushes were utilized in this chapter, i.e. hydrophobic 
PS and hydrophilic poly(hydroxyethylmethacrylate) (simplified as P(HEMA) 
thereafter). The ATRP procedure to prepare PS brushes on the backfilled templates 
was the same as detailed in Section 3.2.2. The swelling of PS brushes was further 
studied in Section 5.5 by incorporating a fluorescent end groups. The same ATRP 
procedure was applied in these control experiments except that a small amount of a 
fluorescence monomer (supplied by our collaborator at Soochow University) was 
included at the ratio 1:10 between the fluorescence monomer and styrene. More 
details are given in Section 5.5. 
The preparation of P(HEMA) brushes was adopted from Reference 25 and 
given briefly as follows. HEMA (>99%, Sigma Aldrich) was vacuum distillated to 
remove the inhibitor. The ATRP bath was made up of 61 mg (0.26 mmol) 2,2’-
bipyridine, 20 mg (0.14 mmol) CuBr, 9.0 mg (0.04 mmol) CuBr2 and 2.5 mL (30 
mmol) HEMA. The mixture was dissolved in 2.5 mL H2O in a two-neck round 
bottom flask and placed in an ice bath to prevent polymerization. The system was 
sealed and stirred under vacuum for 5 min until the mixture formed a homogeneous 
dark brown solution. The backfilled Si substrate was then placed in the solution and 
the system was purged with 5 vacuum/N2 cycles. After which, the ice bath was 
replaced by an oil bath and the system was heated under N2 atmosphere to 80°C for 
15 min. After polymerization, the grafted substrate was washed and sonicated in 





5.2.3 Assembly of NPs in patterned polymer brushes 
CuxS nanodisks dispersed in toluene were synthesized according to 
procedures detailed in Appendix II. Hydrophilic ZnO NPs dispersed in diethylene 
glycol (DEG) were prepared following a procedure adapted from Jezequel.26 
The Si substrate grafted with polymer brushes was placed in a vial with the 
top surface facing up. 0.5 µL of the dispersion of NPs was transferred into the vial 
with a micropippett followed by the addition of another 0.5 µL of solvent. The vial 
was then sealed and left overnight for the assembly to progress. After the assembly, 
the substrate was rinsed with a few drops of ethanol and acetone before blowing 
dried with N2. 
 
5.3  Hydrophobic Polystyrene Brushes 
5.3.1 Morphology of polymer brushes on the backfilled substrates 
Backfilling was found to be a useful method to introduce periodically 
patterned initiators on the substrate. As depicted in Figure 5.2, typical AFM image 
of the backfilled substrate showed a homogeneous surface with a root-mean-square 
roughness of < 5 nm over a 2 µm × 2 µm scan area.  Unlike the µCP method, the 
density of initiators could be controlled and easy to tune by this backfilling approach. 
After the ATRP grafting, the polymer brushes are expected to collapse in the dry 
state to form an ultrathin layer on the backfilled substrate. Contact mode AFM of 
sample taken in air (Figure 5.2b) showed that the height of the collapsed polymer 






Figure 5.2. AFM images and sectional analysis of (a) original backfilled substrate; 
(b) backfilled substrate with grafted PS polymer brushes. 
 
In Chapter 3, we have found that ATRP affords good control to give uniform 
polymer brushes from the initiating sites, and the brush length increases almost 
linearly with the ATRP reaction duration. In Figure 5.3, SEM analysis was 
performed to monitor the surface morphology at different durations of ATRP 
treatment. We could clearly see that, while the polymer brushes are growing in 
length, the covered area of the collapsed brushes gradually increases on the surface. 
After 2 hours of ATRP reaction, it is noted that the collapsed brushes begin to join 










Figure 5.3. SEM images and cartoons showing backfilled Si template (a) before, 
and (b-d) after ATRP at different reaction duration. (b) 0.5 h; (c) 1 h; (d) 2 h. 
 
a ) b ) 




The morphology of this collapsed polymer brushes appears to be different 
from those grafted from the feature-imprinted substrates in earlier chapters. In 
Figure 5.4, a line-patterned substrate treated with the same ATRP duration as 
sample in Figure 5.3d is compared. In the line-patterned substrates, the brushes 
grow from both the top surface and the sidewall of the imprinted patterns. When 
brushes on the side wall grow long enough to reach the neighbors, it is believed that 
the growth will slow down as the “living” polymer chains are now buried deep into 
the neighbouring chains. This thus forms a “steric hindrance” for the extent of 
polymer growth. On the contrary, polymer brushes grafted from the backfilled 
substrates tend to grow in an extended manner in the ATRP bath (as shown by the 
cartoon in Figure 5.3, with styrene acting as the good solvent). As a result, the 




Figure 5.4. (a) Cartoon to illustrate the polymer chains grown on side wall buried 
into the neighbours. SEM images of (b) original imprinted pattern and (c) pattern 
with grafted polymer after 2 h of ATRP. This is compared with that in Figure 5.3(d). 






5.3.2  Assembly of CuxS nanodisks guided by polystyrene brushes 
In suitable solvents, the PS brushes could stretch and form a patterned 
physical barrier that may serve as soft templates for organizing NPs of various sizes. 
Toluene is known to be a good solvent for PS brushes. Milner has performed a 
measurement on end-grafted PS chains in toluene, and found that the results are in 
excellent quantitative agreement with their theory.27 In toluene, the PS chains 
become completely stretched in the direction perpendicular to the solid surface due 
to the repulsive excluded volume interaction between the segments. 
 In this work, we have chosen the dispersion of CuxS nanodisks in toluene for 
the assembly studies. These CuxS NPs are capped with long chain dodecanethiol 
(Appendix II), which introduces a hydrophobic surface to the NPs. In Figure 5.5, 
the assembly of these NPs in the swollen PS brushes is schematically illustrated.  
 
Figure 5.5. Schematic diagram illustrating the assembly of CuxS nanodisks guided 






Figure 5.6 compares the assembly of CuxS NPs of two different sizes guided 
by the swollen PS brushes. It is noted that smaller NPs occupy wider area on the 
collapsed PS brushes, whereas larger NPs form just about one line on the pattern. 
This observation suggests that the permeability of swollen polymer brushes towards 
colloidal particles depends on the particle size. Large and hard particles are found to 
exhibit solution-like diffusivities with a certain drag reduction from the brushes. 
Smaller NPs, on the other hand, can partially penetrate the brushes and exhibit 




Figure 5.6. SEM images showing the assembly of CuxS nanodisks of different sizes 







The assembly of 150 nm CuxS nanodisks on grafted backfilled substrate is 
compared with that on imprinted patterns in Figure 5.7. It is clear that the swollen 
polymer brushes could work as a physical barrier for the assembly just like the 
imprinted patterns. There is no specific interaction between the host polymer matrix 
and the NPs, however, and the assembly can readily be destroyed with sonication in 





Figure 5.7. (a) Cartoon showing the assembly of CuxS nanodisks in PS brushes on 
backfilled substrate and imprinted patterns respectively. SEM images of the 









Figure 5.8. SEM images showing the ready removal of NPs assembled on the PS 
grafted backfilled substrates: (a) before sonication; (b) after sonication in ethanol for 
half an hour. 
 
We have also investigated the periodic assembly of CuxS on grafted backfilled 
substrates using AFM. AFM analysis in Figure 5.9 clearly pointed out that the 
assemblies are topographically higher than the collapsed PS layer. Hence, while 
serving as a physical barrier in the swollen state, the polymer brushes readily 
collapse in the dry state with the periodic assembly pattern retained.  
 
Figure 5.9. AFM analysis on the assembly of 150 nm CuxS NPs on the PS grafted 
backfilled substrate, showing the collapse of PS brushes in the dry state. Positions of 
NPs are pointed out by red arrows. 
500nm 500nm 





We have learnt from Chapter 4 that the amount of NPs assembled can be 
tuned by changing the concentration of particles in the dispersion used. Similarly in 
Figure 5.10, only a sparsely populated distribution of CuxS NPs was assembled at 
low concentrations. The amount of deposited particles increased with the 
concentration of particles and Figure 5.10b shows the fully filled line pattern 
obtained at concentration ~1x10-3 mol/L on a 10×5 mm pattern. At very high 




Figure 5.10. SEM images of the assembly of CuxS nanoparticles at different 
concentration on the PS grafted backfilled substrate. a ) 5x10-5 mol/L; b ) 5x10-4 
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5.4  Hydrophilic Poly(hydroxyethylmethacrylate) Brushes 
In the previous section, we used hydrophobic PS brushes to guide the 
assembly of CuxS NPs capped with hydrophobic groups. Attempts to assemble NPs 
capped with hydrophilic groups could not be performed due to the incompatibility 
with the hydrophobic templates. In this section, hydrophilic P(HEMA) polymer 
brushes are prepared for the assembly of hydrophilic NPs, i.e. ZnO NPs capped with 
DEG.  
P(HEMA) was chosen to tailor the surface hydrophilicity of the substrate. 
Figure 5.11 illustrates the flexible SI-ATRP approach that we have proposed in 
Chapter 3, where the functionality can be readily varied by changing the monomers 
used. The successful use of polymer brushes to modify the hydrophobicity and 
hydrophilicity of surfaces offers the possibility to assemble different kinds of NPs 
on patterned surfaces without physical templates. 
 
 
Figure 5.11. Schematic diagram showing the synthesis of P(HEMA) via SI-ATRP. 
 
After the growth of P(HEMA), contact angle (CA) measurements using water 




~131° to 61° upon successful grafting of P(HEMA). The drastic reduction in CA is 
expected as P(HEMA) possess many hydroxyl and ester functional groups. FTIR 
spectroscopic analysis was also carried out to ascertain the chemical functionalities 
on the surface. The FTIR spectra of the substrate before and after SI-ATRP were 
compared as shown in Figure 5.12. A strong peak at 1724.51 cm-1, which could be 
attributed to the C=O stretching of P(HEMA) appeared clearly. 
 
Table 5.1. Contact angle measurement on substrates before and after grafted with 
PS and P(HEMA) brushes respectively. 
Type Contact Angle (°) Cross-sectional view of water droplet 
(a) Substrate without 




(b) Substrate with PS 
brushes  (after ATRP) 134 
 
(c) Substrate with 











Figure 5.12. FTIR spectra of (a) substrate without polymer brushes; (b) substrate 
grafted with P(HEMA) brushes. 
 
The assembly of ZnO NPs in the swollen P(HEMA) brushes was carried out 
using the same procedure as that of CuxS nanodisks in the swollen PS brushes. The 
ZnO particles capped with DEG were expelled by the swollen P(HEMA) brushes. 
Figure 5.13 clearly showed that ZnO particles could be successfully assembled on 








Figure 5.13. SEM images showing the assembly of 150 nm ZnO nanoparticles on 
P(HEMA) grafted backfilled substrates after ATRP (80°C, 18 hrs) at different 
magnifications. 
 
The chain length of P(HEMA) brushes is expected to affect the assembly of 
ZnO NPs. When ATRP reaction duration was extended from 18 to 48 hours, longer 
P(HEMA) brushes were grown and the assembly was found to be quite different 
(Figure 5.14). Again, the process can be explained by the collapsed brushes as 
illustrated in the schematic diagram in Figure 5.15.  
 
 
Figure 5.14. SEM images showing the assembly of 150 nm ZnO nanoparticles on 
P(HEMA) grafted backfilled substrates with longer brushes after ATRP (80°C, 48 h) 
at different magnifications. 
1µm 1µm 
a ) b ) 
1µm 1µm





Figure 5.15. Schematic diagram showing the assembly of ZnO nanoparticles on 
P(HEMA) grafted substrates with (a) shorter and (b) longer brushes. 
 
5.5  In situ Characterization of PS Polymer Brushes in Solvent 
While it is possible to characterize the dry samples (i.e. collapsed polymer 
brushes) with characterization techniques such as SEM, TEM or AFM, the swollen 
brushes need to be investigated by in situ analysis in solvent. Among the many 
techniques, liquid AFM can be conducted in a liquid medium/environment, giving 
topographic information.  
We used liquid AFM to detect the in situ state of PS brushes in both 
dimethylformamide (DMF) and ethanol, as toluene was not allowed to be used in the 
AFM laboratory. DMF is a good solvent and ethanol is a poor solvent for PS brushes. 
Changes in the conformation of PS brushes in these two solvents could be very 
significant (Figure 5.16). In ethanol, the PS brushes are in a collapsed state and the 
PS chains were not in an extended conformation. Thus the height of the brush layer 
was found to be less than 10 nm. In DMF, on the other hand, the PS chains exhibited 




an extended orientation and the PS brush layer reached up to about 40 nm in height. 
The longer brushes could form an efficient physical barrier to guide the assembly of 
NPs. In addition, it was found also that the width of the brush layer changed 
drastically. The lateral width of polymer brushes in dry state was found to be ~500 
nm, which is larger than the width of extended PS brushes in the swollen state (~330 
nm). This changes in conformation fit well with the observation of fluorescence 
microscopy discussed in the following section. 
 
 
Figure 5.16. Liquid AFM images of backfilled substrates grafted with PS brushes in 







In another attempt, we explored the swollen pattern using fluorescence 
microscopy utilizing a fluorescence functional group. As shown in Figure 5.17, the 
PS brushes were first fabricated in the similar way. After that, a co-monomer with 
fluorescence group was used to “dye” the chain ends of the PS brushes through the 
ATRP process. The co-polymerization duration is much shorter than the first ATRP 
process, thus the emitting polymer is kept at the chain end. In order for the 
movement of this chain ends to be visible by optical microscopy, a 2 µm line pattern 
was used in this study instead.  
 
 
Figure 5.17. Schematic diagram showing two-steps ATRP process on the backfilled 





There are two reasons for the two-steps ATRP procedures. First, the long PS 
brushes fabricated in the first ATRP step could keep a similar swollen state as the 
presence of short block polymer would not result in much significant change to the 
properties of the PS chains. Second, the short block polymer could form an 
approximately uniform thickness. The emission observed from top view would thus 
be of the same intensity and the boundary of the brushes would be clear under 
microscopy. 
As mentioned in Section 5.2, the fluorescent co-monomer was supplied by 
our collaborator prepared according to a literature method.29 The chemical structure 
is given in Figure 5.18 together with the emission spectrum measured at excitation 
wavelength of 356 nm. 
 
    
Figure 5.18. Molecular structure of the fluorescent co-monomer and its emission 
spectrum measured at excitation wavelength of 356 nm. 
 
The fluorescence emitted from the chain ends of the grafted PS brushes is thus 





5.19, we could observe a significant decrease in line width of the grafted PS brushes 
from the dry state to the swollen state. In a good solvent, the PS chains are believed 
to extend away from the solid surface, thus the line width appears to reduce when 
observed from top view. The decrease in line width can be observed both in toluene 
and DMF as shown in Figure 5.19c & d, thus confirming the conclusions drawn 




Figure 5.19. (a) Cartoon showing the change in line width of the grafted brushes 
from swollen state to dry state. Grafted PS brushes (b) in dry state; (c) swollen in 
toluene; (d) swollen in DMF. 






5.6  Summary 
In summary, we have demonstrated a simple method to guide the assembly of 
NPs by grafted polymer brushes using a backfilling method. The “smart” soft 
brushes have a stretched conformation in good solvent that could serve as physical 
barriers for the ordering of NPs of various sizes. This method offers the possibility 
for a precise control of NPs pattern by changing the solvent quality. The assembly of 
CuxS NPs in hydrophobic PS brushes and ZnO NPs in hydrophilic P(HEMA) 
brushes were investigated. Liquid AFM and fluorescence microscopic analysis were 
used to study in situ the swollen state of PS polymer brushes in good solvent. 
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Chapter 6  Conclusions and Outlook 
 
This thesis describes a simple strategy to fabricate patterned polymeric micro- 
and nano-architectures via a combination of reactive reversal NIL and surface-
initiated ATRP. The resulting polymer templates were demonstrated as physical 
barrier to guide the assembly of NPs. Several conclusions can be drawn from these 
studies as listed below: 
(i)   In our approach, chemically functionalized pattern was successfully created 
by one-step imprinting on different substrates (Si and PEN) by controlling the 
NIL chemical formulation. The resulting pattern thus provides reactive 
initiating sites for SI-ATRP, with polymer brushes grafted from the surface of 
the patterned network. We have demonstrated the controllability of the 
growth of polymer brushes in sizes and densities, thus opens up possibility of 
fine-tuning the resolution of the pattern in nanometer scale with these brushes.  
(ii)   We further showed that, by using a slightly modified reversal µCP coupled 
with the NIL method, the active chloromethyl functionalities can be imprinted 
only onto the top surface of the topographic PS pattern. This method 
embodies advantages of NIL (high resolution) with those of µCP, both 
regarding the flexible nature of PDMS (conformal contact in the “ink” 
transfer steps) and the flat stamp concept (high resolution, elimination of 
stamp deformation). High-resolution patterns with chloromethyl 
functionalities were thus created and ATRP grafting restricted in the z-
direction can be achieved from these surface sites, thus offering a promising 




(iii)   We have also demonstrated that this NIL process could be used for the 
preparation of homogeneous QDs/polymer composite films. CdS, PbS and 
core-shell PbS/CdS NPs have been successfully incorporated into PS films 
and their optical and nonlinear properties were investigated.1, 2 
(iv)   The use of vertical deposition to assembly particles with high order was 
achieved. Isotropic ZnO nanospheres and anisotropic CuxS nanodisks were 
chosen for the template-directed assembly study because of their chemical 
compatibility and thermal stability. The particle size, line spacing and pattern 
profile were found to have an influence on the NPs distribution. The size 
confinement of the patterns plays a key role in controlling the orientational 
positioning of the anisotropic CuxS NPs. This approach can be extended to 
other NPs materials such as high-index dielectrics and metals. 
(v)   We have developed an amino-assisted method in a one-step fabrication and 
assembly of metal sulfide NPs at room temperature. Amino functional groups 
were introduced by nitrification and reduction of the active chloromethyl 
groups on the PS template. These amino groups could be used as reducing 
agent for the decomposition of MTB precursors to prepare metal sulfide NPs 
in situ in the templates.  
(vi)   A new approach to guide the assembly of NPs by grafted polymer brushes 
was developed. ATRP was utilized to produce hydrophobic PS brushes and 
hydrophilic P(HEMA) brushes which could be swollen in compatible solvents. 
These stretched polymer brushes were then used like topographical physical 
barriers for the assembly of appropriately sized NPs. Liquid AFM and 
fluorescence microscopic analysis confirmed the conformational changes of 





The combination of μCP and ATRP strategies as proposed in Chapter 3 gives 
us a new tool for the fabrication of hierarchical micro/nano architectures in a 
predictable manner. As a future work, it is possible to create two-level hierarchical 
structures by a secondary “ink” transfer imprinting and sequential ATRP grafting as 
shown in Figure 6.1. While the schematics shown in this figure illustrates the 
sequence of NIL, µCP and ATRP steps, the combination is obviously not limited 
and can be creatively repeated in any manner in order to achieve complex 
hierarchical structures.  
 
 
Figure 6.1. Schematic illustration of a proposed future work: the fabrication of two-
level hierarchical structures combining sequential NIL, µCP and ATRP steps. 
 
In addition to being employed as templates for the assembly of NPs or as a 
direct fabrication of polymer/NPs nanocomposites, hierarchical structures can also 
be designed for the attachment of biological objects such as micelles, proteins and 
DNA. Ordered structures of these assemblies are expected to have many interesting 




In this work, we have demonstrated PS and PHEMA as solvent responsive 
polymeric brushes. As a further work, we can design substrate grafted with smarter 
polymer brushes that is responsive to other variations in the surrounding 
environment. For example, poly(N-isopropylacrylamide) (PNIPAAm) is a thermally 
responsive polymer, which show a hydrophilic-hydrophobic property altered by 
temperature. By using PNIPAAm, it’s possible to replace the PS and PHEMA 
brushes to guide the assembly of NPs in hydrophilic and hydrophobic solvent at 
different temperatures. Larger response is expected and a number of practical 
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Appendix I.   Characterization Techniques 
 
Atomic force microscopy (AFM) Surface topographical images in air were 
obtained by AFM using a Digital Instruments Nanoscope IV Dimension 3100 in 
tapping mode. Liquid AFM was obtained using a Molecular Imaging Picoscope 
with liquid cell. The controller is an RHK SPM100/AFM-MI with PLLpro. Silicon 
cantilevers/tips are used with a nominal stiffness of ca. 40 N/m, at vibration 
amplitudes of a few nanometers. 
Contact Angle (CA) The droplet shapes were captured to measure the apparent CA 
using a Ramé-Hart (USA) digital contact angle goniometer. 
Fluorescence Microscopy images of the nanostructures arrays were obtained from 
Nikon Eclipse Ti Inverted Microscope (illuminated via Mercury arc lamp. Filter 
used is UV-1A). 
Fourier Transform infrared (FTIR) spectra were recorded on a VARIAN 3100 
spectrometer using the potassium bromide pellet technique. 
Photoluminescence (PL) spectra were recorded using a Horiba Jobin Yyon 
FluoroLog-3 with an iHR320 attachment equipped with lock-in amplifier and liquid-
nitrogen cooled In GaAs photodiode detector with a detection limit to 1600 nm. 
Scanning electron microscopy (SEM) images were taken on a JEOL JSM6700F 
field emission scanning electron microscope at 5 kV. All samples were sputtered 
with a thin gold layer before sample loading.  
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UV-vis absorption spectra were recorded on a Shimadzu UV-3600 UV-vis-NIR 
spectrophotometer by using either pure hexane or tetrachloroethylene as reference.  
X-Ray Diffraction (XRD) test was carried out by a Bruker-AXS D8 Advance 
powder X-ray diffractometer. 
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Appendix II.  Preparation of ZnO and CuxS 
nanoparticles  
 
CuxS nanodisks  
The precursor copper (I) thiobenzoate (CuTB) was first prepared according 
to the literature method.1 Briefly, 4.3 g of Na2CO3.10H2O was dissolved in 30 mL of 
water. 3.6 mL of thiobenzoic acid was added to the sodium carbonate solution and 
stirred for 30 min. 2.8 g of Cu(NO3)2.2.5H2O in 30 mL of water was added dropwise 
into the stirring mixture and the solution was stirred for 1 h. The bright orange 
precipitate formed was filtered, washed thoroughly with water, ethanol and acetone, 
and dried overnight in vacuum. 
All procedures for the preparation of copper sulfide nanoplates and faceted 
nanocrystals were carried out using standard techniques under a nitrogen atmosphere. 
Dodecanethiol (DDT) was carefully degassed before use. For the preparation of 
nanoplates, a degassed solution of CuTB (0.04 g) in trioctylphosphine (TOP) (0.3 
mL) was injected into hot (135/160/180/210°C) liquid DDT. With good mixing, the 
orange solution rapidly changed to brown. After 15 min, the reaction mixture was 
cooled to room temperature, then toluene (ca. 1 mL) was added and the product was 
precipitated with ethanol. The precipitate was centrifuged, washed thoroughly with 
ethanol, and dried in vacuum overnight. 
ZnO nanosphere  
The preparation of spherical ZnO using zinc acetate dihydrate 
(Zn(OAc)2•2H2O) and diethylene glycol (DEG) was adapted from two reported 
papers.2,3 With minor variations made to the first method reported, the optimized 
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reaction steps are as follow: Zn(OAc)2•2H2O is dissolved in DEG to form the 
precursor of concentration 0.1 mol L-1. This precursor solution is first purged under 
nitrogen at 70°C for 30 minutes and then temperature is raised to 170–180°C. 
Precipitation of ZnO usually occurs above 160°C and aging for 15 minutes is 
allowed at 170 or 180°C. The resultant mixture is centrifuged, the supernatant is 
discarded and precipitate is washed with ethanol to remove any reactants and 
byproducts. 
To get a better control of ZnO size distribution, similar synthesis steps as 
above are carried out except that the supernatant containing small ZnO crystallites is 
used as seed crystals in one more subsequent step. Thus, in another pot, 
Zn(OAc)2•2H2O is dissolved in DEG forming a concentration of 0.1 mol L-1. The 
precursor mixture is then heated to 150°C and a small amount of the supernatant 
synthesized in the first step is added. Subsequently, the reaction mixture is heated to 
170°C for 15 or 30 minutes of aging. In this Method, precipitation occurs at slightly 
lower temperature (~150°C) compare to those without seed crystallites. This method 
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Appendix III.   Preparation of PbTB precursor  
Thiobenzoic acid (5.5 mL, 46.8 mmol) was dissolved in 20 mL methanol and was 
added to a stirred solution of Pb(OAc)2·3H2O (5.17 g or 13.6 mmol in 20 mL 
methanol) slowly. A thick suspension of cream chocolate-like precipitate appeared 
immediately. Each time thiobenzoic acid was added below the Pb2+ solution surface 
using a dropper in order to avoid the formation of dark brown contaminant, 
presumably PbS. The mixture was stirred for 1.5 hours to ensure complete reaction. 
The whole suspension was centrifuged, and the supernatant liquid was removed. The 
solid was washed three times with methanol until the supernatant liquid was 
colorless. The creamy chocolate-like product was dried under vacuum.  
 
